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Introduction

* Non-Invasive
* No significant alteration of the beam phase space or intensity
* No damage to the instrument

* No synchrotron radiation (only exists in LHC now?)

* Interaction of the beam with a gas
 Either via ionization or fluorescence
* Using either residual or injected gas

* Electron/ion probe beams
 Laser-induced photoionization (unique for H-)
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Residual Gas lonization

 Utilize beam-induced ionization of residual gas in the beampipe
N, +p—->Nj+e +p

* lonization rates determined by Bethe equation

p = gas density
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Residual Gas lonization
Typically called an lonization Profile

* Use an electric field to separate the ionization products :
+ Typically in a range of 100 — 300 kV/m Monitor, IPM (but also RGM, BG], ...)

* Want to preserve ion/electron starting positions during trip to detector
* Trajectories may be impacted by space charge of the beam V. Shiltsev, NIMA 986 (2021) 164744

 Can use a magnetic field parallel to electric field to constrain electron trajectories if
collecting electrons

Electrode —> . .
Electric Field Electric Field
lons
Beam lons less i d O O
ons less impacte Hectrors o ®
Electrons bossible oF o O o
Field-Shaoi Beam lonization e . "
. . . lela-Shaping (into page) .é_ Happens € ’ N,
Electrons spiral with Larmor radius FElectrodes 0
(0 lons or O Q O
E Electrons
= O
BT />
: Beampipe
Detector Magnetic .
| Field Residual Gas
_4 ie
-0.2 Molecules
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IPM — Signal collection

* Signal is typically small — A few per bunch to hundreds per bunch

* Requires low-noise amplification or low-noise data acquisition
* Microchannel Plate = Phosphor Screen = Imaging System

* Phosphor Screen = Intensified Imaging System
* Microchannel plates are outside the vacuum Better time resolution

* Microchannel Plate = Copper Strips or Wires = Data Acquisition <
* Pixel Detector = Data Acquisition «__

Better spatial resolution

Better everything

Incident = # beam
i i i Electron
Each hole is microscopic - _ . 26 keV particle 5 keV electron
photomultiplier tube Secondary 7200 electron/hole pairs 1100 electron/hole pairs
Electrons
10 pm 8 um p. Disc. p. Disc.
. Digital Digital
Gain of 1000 — 10,000 P S o e el
Outgoing Electron Shower . ; . ;
Pixel readout chip Pixel readout chip
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IPM — Signal collection

C. B6hme, IPM Workshop 2018, JPARC JULICH

FORSCHUNGSZENTRUM

Q&

MCP / Phosphor Screen

COSY / GSI

J. Marroncle et al. lon collection

IBIC2023, WEPOO1

5 IPMs between cryomodules
e lon collection

Beam Image
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IPM — Signal collection
MCP / Conductive Strips JPARC MR

All electron collection
with magnet

FNAL o
MI/RR pitch '

~1 MHz Bandwidth

K. Satou, 3@ IPM Workshop

sigma? [mm?2]

80— T. Yasui et al., PASJ2018

Conductive Strips @ i
0.5 mm pitch S

20— |
0 5 10 15 20 turn

MCP / Strips
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Microchannel Plate Features

Photomultiplier Tube Example

e Short-term drop in gain for large current draw

* (1 ms) charging time

* Gradual drop in gain due to aging

Signal Present

[
|

\ Maximum
\ Current Draw ]

Charge Depleted

* Function of current drawn from the MCP (>1 C/cm?)

* Fast initial gain drop due to ‘scrubbing’

K. Satou, 3@ IPM Workshop

* Adsorbed gasses must be removed after exposure to air : »
! ' FNAL Scan: Typically seen after just a Gain decrease in ,, \ s
couple of years of intermittent use FNAL center where beam -
SEEEAE is located -
L SR MCP Gain (arb. units) o
E ) o | 1 ‘ ‘ ‘ ‘ ‘ ..IPARC _'{ #11
— =1 R | \\\ ! iy s i
. _ . Illjlll"'-. | 05 L \\M ; ‘ | : Horlmn!;(ll'gr?ode position (mm)
-1000.0-Y T [ 1 Ezil [ 0 | | | I I I . .
DU ° oo o; om0 005 06 o Calibrate gain: UV lamp, step the beam
Extracted Charge (C/cm 2)
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He 2025 4EFermilab
Gating the IPM

* Include an additional electrode in the path of the detected particles

Y component of TP E field
Electrode —2 &

Turn off

1k

Jura I RAHIPM 6330-
Electrons o |LabView 14.0 Ver.2.5 12/11/2014 2) 6320-
or lons 6500~ 6310~
Possible 1
Field- - - Voltage Valley
Shaping lons or 0
Electrodes Electrons »
I I S S S . &
-2
Detector —™>{ Alps

Electron drift along beam direction (ExB)
25 )

R. Thurman-Keup

2nd |pPM Workshop FNAL MI/RR

'
60

!
Channel 63

J. Zagel, 2" IPM Workshop

R B See also R. Connolly et al., BNL-102439-2013-TECH
| “ Simulation and K. Satou, IBIC2019, TUPP020

lonization point
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IPM — Signal collection

Pixel Detector

Electron collection
with magnet

Timepix3 characteristics:
e Detector resolution = 55 ym
e Time resolution = 1.56 ns
Performance limitations:
* Dead time per pixel > 475 ns

* Output bandwidth < 80 MEvents/s

12/10/2023

CERN PS - Timepix

N . R —

Ctime [ms]

Multi-turn extraction showing transverse beamlets F. Benedetti et al.

S. Levasseur et al., IBIC2021
J. Storey, 20t Anniversary Timepix Symposium; Bl Day 2017

lonization
Beam loss electrons

Before [l
| filtering  [RRSE
After

filtering

ESS Test with ions

0

ANIMMA2019

Test of Timepix
with H,"ions .
Very sensitive ="
to energy

Transverse positions [mm]
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IPM — lonization Remnants

 For electron detection, ions must not produce secondary electrons

e Grid with more negative voltage
. |n captur chamber Secondary Ions\ ENAL
Grid to contain

= 3 Electrons
secondaries

i CERN

lons go through hole and curve |

to top side of electrode Electrons
3 . M #'nznfﬂ I"“ °_'°’_”|"| ““}"I - ona 'l““ﬂ'"l °|-m 0.0002 to ol_oxlazslmsI (ftelp:! 0.0002, average: 0.0002 )
g 'r-.ll-lll ' o { H = 10 = —
|'.lr_.|" [, "If ‘.l.I'I'I"
il'mrl '.hrl:.“ 1 M _
i T | . =
e ndary H—_ RS 2SS HNRINRTREE E3 _-_ -' _
Without ion catcher —+ With ion catcher

= K. Satou, IBIC2019 and IBIC2017
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U73* beam stacked
with electron cooling

IPM: Profile recording every 10 ms
measurement within one cycle .

profile [mm]
o

signal [a.u] width ¢ [mm]
- — B —
o 5 O Some o oo

o

<€

IPM Examples

P. Forck, IPAC2010

GSI/

5 injections + cooling

|| acc. |

— «— >

- horizontal

r L L A L A R |
— horizontal

vertical
de—transformer

time [s]
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JPARC

K. Satou, IBIC2017

30.1998 to 30.2298 ms (step: 0.0002, average: 0.0010 ms)

ouImn

o0
X[mm]

Injection miss-match
Q mode + D mode

30.1998 to 30.2298 ms (step: 00002, average: 0.0010 ms)

P

05

30.1998 to 30.2298 ms (step: 0.0002, average: 0.0010 ms)

o}

X[mm]

After Q mode tuning A fyer Q and D mode tuning

D mode remains
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Residual Gas Fluorescence

 Similar to beam-induced ionization, except less energy transferred

+) * — + —
N2 TP~ (NZ) te + b= N2 tTyte tp Motion of excited molecule
Xe+p—->Xe)*+p—>Xe+y+p |
 Movement of excited molecule Beam Particle, p
before emission . "
* Determined by lifetime of excited O
state and energy of molecule e
* Changes origination position of R 0
beam interaction e : —Helm
Y = Relative | 2 ULA Y=4% _
T(N,) =60 ns t(Xe)=6ns Fluoresce_”clj ““’A“ T " Nirogen Beampipe
Distance from kT motion Yield ¢ v-100% 1 Residual Gas
F. Becker et al. E 33 Molecules v

NZ =25 Lm Xe<1 Lm DIPAC2009 *® 400 500 600 700 800

wavelength [nm]
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Residual Gas Fluorescence

* Behavior with beam energy shown to follow dE/dx expections

* Signal relative to ionizations . oe1s M- Plum et al., NIMA 492, 2002

* Number of primary ionizations for N,

e ~20in 2 cm of atmospheric pressure
F. Sauli, CERN 77-09

* Number of photons from N,

e ~1.2in 2 cm of atmospheric pressure
M. Friend, 3 IPM Workshop
M. Plum et al., NIMA 492, 2002

e ~16 times fewer photons than ion pairs
* 41t angular collection of ions

» 45-degree half-angle cone is only ~1t/2 o | | | |
» Total is factor of 100 fewer photons 001 ot 1 10 00 1000

e Use gas injection to offset small number of photons
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200 keV N2 cross section

¢ PS N2 data

® PS Xe data

® Booster data - relative meas.

1.0E-17 A

1.0E-18 -

1.0E-19 A

1.0E-20 A

Cross section (cm?) and dE/dx scaled to fit the data




Residual Gas Fluorescence N
Ioer transport to

JPARC lower radiation area

G5l Neutrino .I

Two imaging paths

Radiation tolerant

) - — CID camera for
Beamline — -rad
F. Becker et al., DIPAC2007 S. Cao, IBIC2020 | @ = readout in high
i _§ Image intensifier . .
N,-fluorescent gas . . . . 8 E Fiber taper radlatIOn area
equally distributed Need significant increase in —
' pressure = simulations :
With Molflow @low radioactive area
Molflow:

Monte Carlo simulation
for vacuum system

Optical frame
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Gas Jets

» Sheet of high velocity gas molecules created mstead of using residual gas

. (9(1 10) times kT velocity which
is 400 m/s for N,

e Can collect ions or photons

3
o

- M. Putignano and C.P. Welsch

< NIMA 667 (2012)
Sub-milli

* Two-dimensional beam image

A
* Sheet thickness is
. . . Interaction
resolution contribution chamber
Skimmeari, 2 Skimmier3 ‘
photons from the interaction P — —
intersection of gas jet Gas cylinder e [: 2';:":&-&‘ Differential L — '-.k ]-TP Y
Y and particle beams, _,-'"l [ — L-"'* A
; that create fluorescence MNozzle pumping 30 moveable m mping
= interaction point I chamber I I chamber chamber 3
e .(_J .:-"‘J - Electran beam
—a -FH__'_---I-_-._._:. - e—— r == } .

) Gas Flow - | : - s )

:r';sl:.:ll!atlng |l Outer ll ‘ Dumping  Dumping Il
+ chamber 1 chamber 2 —

| TP ““H.I I‘I ‘ O MR

posithve blas i J
proton beam hollow electron beam TBCited I:\ T‘” "1"_.-'" & lfl i k. H.ﬂ"f‘_.—-—’

-\-H"‘H-.
N. Kumar et al., Physica Medica 73 (2020) 173-1 78 usws )
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Gas Jets

T === 0.026 Pa I/s
=@ 0.09 Pal/s
—=— (.16 Pal/s

Sheet

8

7

6k Diameter of
Thickness s}

4

3

2

Phospher screen
(used for scale calibration)

Beam cross-sectional shape
(interaction with gas sheet)

JPARC
LINAC Collects ions

: \ Beam trace
of R e (interaction with residual gas)
J. Kamiya, 3" IPM Workshop S (;m) to7
Sheet generating chamber _- Slit

No skimmers

uuuuuuu

_ lo .‘répeﬁfer-.'
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Gas Jets

CERN Coll Ph Efosﬁslz e
ollects Photons
LHC T

O. Sedlacek, IBIC2023

Imagining system

Interaction
Gas curtain chamber Insertable target
generation section \
o 4th skimmer
Gas curtain o—
direction
Alignment laser E [ T
f
Beam
direction
Dump chamber
1m

%106
25

0

density [mol/ma]

Used for overlapping beams of protons
and electrons of electron lens

Electron Lens Beam

| 7keV,1.1A |

LHC 6.8 TeV Beam

Interaction

LIgNT-yIeId - Y [ #]

25000

20000

150007

10000

Gas curtain

5000

Calibrated current density [uA/mm~2]

Beam int. time:
0.25us

44 46 48 S0 52 54 56
x [mm]

a
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Deflection of Probe Beam

* Determine the profile of a hadron beam by using the deflection of a

probe beam o o
Assume y > 1, no magnetic field, p # f(z), deflection is very

Probe beam.is fjeflected by electric small such that # ~ {b, vt}, # ~ {0,p}, and 6 ~ IA?I
and magnetic fields of the hadron beam Dl
——————————— > - -
4 (F—7)
Impact parameter, b Deflecti 2 221 (7!
Probe beam pactp $ eflection F(r) « f d“r' p(r") R
0(b)
Dt — o ——— —— 2 [0') .
‘ > Ap :j dt F(#(t))

Hadron beam -

do(b) ®

7 ocj dy' p(b,y') <€— xprofile

gaussian bean; e(b) = erf (b)

ed

probe beam
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Electron Beam Profiler

75 kV _I Cory,  Quad, Quad;

Gun Deflector H

Electron Scanner Image

Injection

Screen

Electron Gun Dipoles

2.05u 21
Time

Quadrupoles

Screen

SNS

600 ns bunch length
Single bunch in ring, h=1

W. Blokland, 9" DITANET

Scanner Design:
BINP, Novosibirsk - .
ing Beam Pipe
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Electron(lon) Beam Profiler

With Prot e Di
ENAL M Béam roton 7 Discrete steps of electron beam

« 25 ns sweep time too long
« Electrons move through too rapidly and see
L Deflected the gaps between bunches
 Use low energy ions
e « Slow ion deflection averages bunch structure

Pixels

~10 ns bunch length

Without Proton
Beam

100

= \ CERN SPS

200

Pixels

300

400

J. Bosser et al.,

100 200 300 400 500 600
NIMA 484 (2002)
20 T T T +
Beam rms = 2.21 4 0.18 mm 5 ERWEL
10 E /M -~
2 s b
£ < /
3 0 .5 Py
H % s I _h I / 4
ZE 10 @ Deflections E f\// z
4 4 : g D it . . Sheet beam of
R T T e e S s = Xe* @ 2.72 keV
R. Thurman-Keup, IBIC2023 N ® —
pact Parameter (mm)

12/10/2023 R. Thurman-Keup | THC2I1: Non-Invasive Transverse Profile Measurement Methods 21



Photoionization of H by Laser

* A photon with enough energy (1064 nm is sufficient) can ionize the
‘loose’ electron on the H ion which has a binding energy of 0.75 eV

H"+y > H%+e"

* Electron is collected via magnetic field and detector H-
* Laser is stepped through the beam to obtain profile L
* Additionally, H? can be detected downstream to |
obtain divergence and thus emittance i [ ]

e Beam must be bent by magnet to isolate the H° .

* For laser pulse lengths < bunch length, can measure

bunch length ‘

ﬁ HO
Beampipe
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Photoionization of H by Laser

* Number of ionizations for laser perpendicular to beam

dn = co,()11, dtdxdydz 1, = Ap/1— B2

~”"/: \ \

- Bunch density Lorentz-transformed laser wavelength
P'g 3f Laser density

§ 2t e For a30 mJ, 10 ns laser pulse on a 30 ps bunch

g with 1 x 108 ions

° * Expect a few percent of the beam to be ionized

- i 1 aal 1 i il ol |
0 200 400 600 800 1000 1200 1400

=1 pC of H%/e™ pairs
Wavelength (nm) e Laser is usually 1064 nm due to commercial availability
Data from Broad and Reinhardt, ]
Phys . Rev. A14 (1976) e Called a Laserwire
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Photoionization of H™ by Laser

0.4

Phase space -
SNS
measurement _
9 Laserwires using HO at end :_ :
200 MeV -1 GeV of Linac _0:2
Laser: 50 mJ /10 ns /30 Hz 55
Detect e~ agl
Profile measurements
along the SRF cryomodules e o
Optics EEEFSE IS ERESEN e S— 4 = ¥
g Laser transport =
N Ml is free space 2
i o g 7
Beam
-
S;—ni t::}’ B Vﬂ:i; Y Liu’ NAPACZOll Liu et al. Appl. Opt. 49 (2011) 6816-6823

Horizontal Vertical X(Y) 20mnydiv)
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Photoionization of H™ by Laser

V. Scarpine, IBIC2021

Fiber Optic

Faraday Cup Input Optics Cable

* photodiode- -

T
~ " “Scanning © - - -

FNAL

PIP2IT

1 Laserwire
2.1 MeV Beam
Laser:6nJ /12 ps/162.5 MHz

Detect e~

Vertical Beam Profile, Amplitude Modulation

2
7
"l

Transve

1.8mmr

E ‘ " Mirror © -
Longitudinal Beam Profile, High-Gain Preamp
X
. Xx Kxxxx xxxx'xxxxx"x'x’”‘ 00k o =1.7952 mm b
* \ k =207 ps 2000 ¥
8 /
X . . /
. - Longitudinal 1800 J
/
10 J 207 pPS rms 1600 .jf
sl \ 1400 K
e 15 2 25 3 35 4 4 6 8 10
Time (ns)
12/10/2023

rse
ms

12 14 16 18 20
Vertical Position (mm)

CERN
LINAC4

g lLdserwire
Transverse |
2

Phase Space p o
B2
L 4

1 Laserwire®

3 MeV Beam <

Laser: % mJ /80 ns /60 kHz 2

@

Detect HO

Divergenc
I NN S

T. Hofmann, Phys. Rev. ST
Accel. Beams 18, 122801

Diamond
Detector
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Slit/Grid

—2 0 2 4
Vertical laser focus / slit position (mm)

—4

PELLoOOOoeOD
ODhivwai;zxis

Bending S
Magnet

~ -\ Fibre LASER
coupling box

25

Intensity (arb. units) Intensity (arb. units)




Future?

* Pixel Detectors (already here!!)

* Quantum gas jets!!
* N. Kumar, IPAC2021
e Can make pencil beams

Atomic Sieve
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