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Introduction Eﬁ

« Fermilab is a particle physics laboratory running a variety of neutrino
physics experiments as well as precision physics experiments involving
muons

— Nova; BooNE family; g-2; Mu2e; DUNE (future)

» All these experiments are supplied by protons from Main Injector (MI) or
Booster

 Mlis last in a chain of accelerators
— H- source
— Linac (400 MeV extraction energy)
— Booster synchrotron (8 GeV extraction energy)
— Recycler (accumulates typically 5 x 103 protons)
— MI (120 GeV extraction energy)
« Acceleration sequence repeats every 1.3 seconds
 MI parameters
— 588 rf buckets at ~53 MHz (~19 ns/bucket)
— ~10™" protons per bucket
— ~700 kW
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Motivation Eﬁ

« Long range plan calls for Ml beam power in excess of 2 MW
* Presently only have residual gas lonization Profile Monitor in Ml
« Wanted additional non-invasive profile monitor
— Gas Fluorescence Detectors
— Gas Jets
— Probe Beams
 Probe beam concept has existed since at least 1970

— Paul D. Goldan, Collisionless Sheath — An Experimental Investigation,
Phys. Fluids 13 1055 (1970).

— C.H. Stallings, Electron Beam as a Method of Finding the Potential
Distribution in a Cylindrically Symmetric Plasma, J. Appl. Phys. 42
(1971) 2831.

« Tests at CERN with an ion probe beam
« Qperational version in use at SNS in their accumulator ring
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Electron Beam Profiler Concept Eﬁ

* Device to measure the transverse profile of the proton beam
In the Main Injector (M) using a beam of electrons

» Deflection vs. Impact parameter provides information about
the transverse proton beam size in the direction of the impact

parameter

Electron beam is deflected by electric _
and magnetic fields of the proton beam - X

)

Electron beam

Proton beam
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Theory éﬁ

X Assume ¥ > 1, no magnetic field, p # f(2)
- r— - ® =y
Target ob) F(P) « ] 427 () ~ (7 _),)2 Ap = j dt F(r(t))
Beam |7 — 7| —0
b // Y
Assume deflection is very small such that 7 ~ {b, vt}
{b—x",vt —y'}

Ap f_oodx' f_oody PELYX| A T e = )2

Ap ocf dx’f dy' p(x',y") sgn(b — x){1,0}

-

|Ap|

Assume again that deflection is very small such that p = {0,p} and 6 = =

H(b)ocj dxj dy' p(x',y")sgn(b —x') — isgn(b—x)ouS(b—x)

/ d@(b)
dG(b) _ : = Gaussian(b)

. p=2D gaussian db
dy p(b,y") €= xprofile , 0(b) = erf(b)
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Theory éﬁ

X Assume ¥ > 1, no magnetic field, p # f(2)
Turget o) FO« [ Gl ap= [ de FG©)
Beam |7 — 7| — o0
b // Y
Assume deflection is very small such that 7 ~ {b, vt}
| For Gaussian bunch

l 0(b) = erf(b)
Aﬁ«f_wm—knw;

Assume again that deflection is very small such that p = {0,p} and 6 =

-

|Ap|

D
H(b)ocj dxj dy' p(x',y")sgn(b —x') — isgn(b—x)ouS(b—x)

/ d@(b)
dG(b) _ : = Gaussian(b)

. p=2D gaussian db
dy p(b,y") €= xprofile , 0(b) = erf(b)
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Electron Beam Profiler — Artist’s Conception Eﬁ

e # Fermilab
7 August 23, 2017 R. Thurman-Keup | Electron Beam Profiler | IBIC2017



Electron Beam Profiler — Artist’s Conception Eﬁ

e # Fermilab
8 August 23, 2017 R. Thurman-Keup | Electron Beam Profiler | IBIC2017



Electron Beam Profiler — Artist’s Conception Eﬁ
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Electron Beam Profiler — Artist’s Conception EB

Stationary
Electron
Beam
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Electron Beam Profiler — Artist’s Conception Eﬁ

Stationary
Electron
Beam
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Electron Beam Profiler — Artist’s Conception
Stationary
Electron
Beam

Need bunch length >> sweep time
MI rms bunch length < 2-3 ns

Single
Shot
Sweep
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Electron Beam Profiler — Artist’s Conception Eﬁ

Electron Beam

Stationary
Electron
Beam

Single
Shot
Sweep

Need bunch length >> sweep time
MI rms bunch length < 2-3 ns
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Electron Beam Profiler — Artist’s Conception Eﬁ

Stationary
Electron
Beam

Single Raster

Shot PN Scan
Sweep

Need bunch length >> sweep time
MI rms bunch length < 2-3 ns
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Electron Beam Profiler — Artist’s Conception Eﬁ

Stationary
Electron
Beam
Single Raster
Shot SR Scan
Sweep
Need bunch length >> sweep time Possibility of longitudinal slicing of transverse profile

MI rms bunch length < 2-3 ns
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Electron Gun Beamline Eﬁ

« Electron Gun from Kimball Physics
— Up to 60 keV, 6 mA, thermionic gun with a LaB; cathode
— Can be gated from 2 us to DC at a 1 kHz rate

— Contains a focusing solenoid and four independent magnet poles for
steering / focusing

— Minimum working spot size is <100 um.

Thermionic Triode Electron Gun

Solenoid and
Steering Magnets

_— lon Gauge
| <— Jon Pump

Optical
Breadboard 7
~60cm x 150 cm

Main Injector

Beampipe Deflector Plates, 25 mm
: N LG lon Gauge separation
et [ = Pneumatic
=~ Insertion Device
Optical with OTR Stainless
Steel Mirror
Components
Box Phosphor Screen
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Imaging Optics

Calibration

Motorized Focusing Stage

Phosphor =40 mm

Phosphor Screen
LED Calibration

Selectable Neutral Density
Filters (ND 1,2,3) and
Ver / Hor Polarizers

Image
Intensifier

f=40 mm

COHU CCD camera
plus C-mount
objective lens

RS-170 video capture
via computer in service
building

Mirror on Motorized Stage selects OTR or Phosphor

Motorized Focusing Stage
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Test Stand e Beam Study Eﬁ

Electron Gun

Electron Beam
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Installation Eﬁ

Magnet ramp produces from 0 to ~7 gauss along electron
beamline

Wrapped in 3 layers of mumetal
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Stationary Electron Beam Eﬁ

* Position the electron beam at some impact parameter
» Record the deflection of the beam
* Move the electron beam and repeat the measurement
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Stationary Electron Beam at Injection to Ml EB

Deflection

Impact parameter -
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Measurement at Injection to Mi

=

 MI Beam at injection is expected to be

— ~3 mm horizontal rms
— Several nanoseconds longitudinal rms
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MI Extraction and Transition Crossing EB

= Deflection

§ 10 Extraction from Ml

Z 120 GeV

3 20 .

= ~1 mm horizontal rms
: . .
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Raster Scan

« Simulate a series of fast longitudinal sweeps each at a

different impact parameter

* All sweeps appear within a single camera image

Electron Sweep
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—Fit
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Fast Deflection

* Reused a fast pulser from Tevatron
— Multi-FET based; positive and negative channels
— Use rise of pulse as sweeping voltage
— Rise time is < 20 ns on bench

 Need to measure actual
including cable

— Need up to 500 V pulse

Sweep contains both initial
deflection and return deflection
- ~5 times brighter than just initial

20

80

100

120 —
20 40 60 80 100 120 140 160
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Issues and Improvements

26

=

CCD camera radiation sensitive and presents large 4 MHz noise
— Noise downconverted from 53 MHz (MI bunch frequency)
— Used for better sensitivity compared to CID camera
— Replace with CID fiber-optically coupled to image intensifier

 Better light collection to overcome sensitivity issue

Replace phosphor screen which was damaged in initial startup

(caused by poor CID sensitivity)
Electron beam spot is not as small

as expected from test stand results

— Should have been much less

than 1 mm rms

— Measured spots on phosphor

are>1 mmrms

August 23, 2017
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Summary éﬁ

27

Electron Beam Profiler has been installed in the Main Injector at
Fermilab

Initial testing has been done and a number of issues have been
uncovered

— Damaged phosphor screen

— Optical sensitivity

Measurements have been made using the stationary electron
beam approach

— Values and features are consistent with what is expected

More commissioning will continue with the fast deflector setup
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