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The Importance of Strong Focusing @I’T Jniversity of Golorado Boulder

Matching into plasma stages

* Necessary to prevent chromatic emittance growth

* Quadrupole magnets not strong enough
Divergence control coming out of plasma stages

* Prevent chromatic emittance growth in vacuum from high divergence

* Match injected beams exiting plasma to magnets / undulators
Collider final focus

* Axisymmetric — can reduce length

e Ultra compact and strong — can provide tightest focus

e Serve as proxy for collider FF in strong focusing studies (Oide effect)
Other

* SFQED —increase chi: nonlinear quantum param.

* |CS —increase brightness by reducing source size

* HEDP —increase energy density on target



Thin, Underdense, Passive Plasma Lens (TUPPL) @I‘TU”iVGrS“yOfCO'OradOB°“"’e’

Thin — PWFA much shorter than one betatron period

Underdense — Nonlinear blowout regime

Passive — No reliance on externally driven current

Plasma Lens — Transverse focusing impulse with negligible energy change
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Att 'a Ctive Fe atures Of TU P P |_ @ University of Colorado Boulder

* Extremely strong focusing
* Orders of magnitude beyond electromagnets and PMQs

e Axisymmetric focusing
* Single lens can achieve symmetric focus in x & y

* Ultra-compact
* Plasma lens itself: ¥100 um
* Q@Gas jet & laser hardware: ~1 cm footprint along beam line

* Rapidly and easily tunable

* Strength scales with density = gas pressure

« Strength scales with length = laser energy / focus
e Self-aligning

* Central axis of blowout determined by electron beam



Comparison to Magnetic Quadrupoles @[} University of Colorado Boulder

TUPPL focusing strength is orders of magnitude stronger than magnets
of equivalent phase advance (normalized length).

Quadruple Magnet

Adapted from Taylor, SLAC-PUB-5621 (1991)

Phase advance (normalized length): Ay = VKL =0.1

m-

Quadrupole Electro- 0.3 1000
magnet

Permanent Magnetic 150 8.2 81
Quadrupole

Underdense Plasma 88400 0.34 3.3

Lens at np=1017 cm3

Not only are plasma lenses stronger, but they are
axisymmetric, unlike quadrupole magnets.




FACET-II: Nominal Experimental Design @I‘TU”‘Vers”y"fco'oradoB°“"’er

646 mm OAP

Low energy
laser: <10m)J
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FACET-II: E-308 Experimental Setup @I‘} University of Colorado Boulder

* Vacuum chamber with : £ Plasma Lens Glow
moveable gas jet . : | |

e 2. mm round nozzle, 2 mm
below e-beam

* Gas ionized by laser

* Laser focused by axilens
along e-beam direction

* Limitations:

 Not well characterized at
low pressure

* Axial focusing means jet
defines plasma profile
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FACET-1l Electron Imaging Spectrometer @I‘} University of Colorado Boulder
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* Quadrupole magnet triplet and spectrometer dipole magnet
* Disperses iny, images in X
* Image plane at OTR screen near dump

* Object plane scanned around location of gas jet (plasma lens)
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Focusing with the Plasma Lens
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Focusing with the Plasma Lens
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Imaging Spectrometer Object Plane Scan

@ University of Colorado Boulder

Plasma Lens Off

Vacuum

100

90

e

50 1

Ox, rms (M)

40

30 +

20 1

(I) 1|0 Zb 3|0 4‘0 SIO
z (cm)

Fit Params:
z" =46 cm
B"=39cm
o =49 um
Q=1.6nC

60

Ox, rms (HM)

120 A

100 1

801" =S~

60

40 A

20 A

3 PSI

Plasma Lens On

Evidence of s

Strongly Interacting (Focused) Charge

7.5 PSI

20 30
z (cm)

Fit Params:

2" =6.8cm
B"=7.2cm
o =13 um
Q=70pC

50 60 0

2|0 3I0
z(cm)

Fit Params:
2" =<2 cm
B"=16cm
0" =22 um
Q=300 pC

40 50 60




@ University of Colorado Boulder

Imaging Spectrometer Object Plane Scan
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Th | N I_e ns FO CUS | N g @ University of Colorado Boulder

Focal length depends on beam energy and plasma lens density & length:

1 1 /Yb . —" Beam Energy
f — KL — * Plasma Density
27TT€ np e Plasma Length

(cgs)
Can easily determine waist location and waist CS parameters
as a function of initial CS parameters:
1 z"

01 = K2125, + 2K Lag + - A

KL ‘30 + ag — Lo

By
w T K22 Bo + 2K Lag + Yo /\

Doss et.al., Phys. Rev. Accel. Beams, 22(11)111001 (2019) \/




Estimating Plasma Lens Conditions @[} University of Colorado Boulder

I(LBO + g — LYo
K2L2.}30 + 2K Loy + Y0

m_m—__m

3 PSI 2 mm 93 cm 0.026 cm! 6.8 cm 7.6x1015> cm3 0.16 rad
7.5 PSI 2 mm 93 cm 1.2 0.026 cm™! ~2 cm 2.8x101% cm-3 0.31 rad

* e
Zw =

* Assuming L =2 mm, and Twiss params from vacuum beam we can solve for plasma density using z*
» Distance to focus z* better than B* because it is less sensitive to chromaticity

« 7.5 PSl plasma density a few times larger than 3 PSI, as expected (though not exact ratio)

We find plasma lens to be in the thin, underdense regime for both pressures.

AAC 2024 - Naperville, IL - July 22, 2024 15



Jur]e 2024 Experimental Summary @ University of Colorado Boulder

* First evidence of thin, underdense, passive plasma lens behavior!

e 70 pCand 300 pC strongly focused in 2mm plasma lens of density O(1016 cm-3)
* Focal point shifted more than 40 cm upstream while still in vacuum after plasma lens
* Apparent B* of 7cm and 16cm reduced from 39 cm

* Scaling of focal strength with gas pressure roughly follows model

* Non-ideal setup:
* Axial ionization = long plasma > very low pressure - difficult to characterize directly
e Electron beam very large (~100 um emittance, 80 um spot size at plasma lens)

* Only a portion of the beam interacted strongly:

e Likely only rear of bunch inside blowout wake
* Lost few percent energy

* Weakly interacting portion behaved similarly to vacuum beam



F U t ure O U t | 00 k @ University of Colorado Boulder

e Simulation studies:

e Perform PIC simulations to enhance understanding of experimental results

* Improve setup:
e Transverse propagation of ionization laser
e Plasma length controlled by laser focus: short and tunable
* Shorter length allows higher backing pressure = better characterized gas & plasma
* Higher quality incoming e-beam
* Increase amount of interacting charge

* Allow operation at higher plasma density

* Broader parameter scans:

* Vary density with gas jet pressure
e Vary length with laser properties

* Vary incoming beam parameters by shifting vacuum waist
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