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Why Pepper Pot — Scintillator Screen Emittance Meter?

B Emittance of ECR beams has complicated structure

167+ 209RBj20+

B Slit and Alison type scanners can not provide full information about
such phase space distributions
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Choice of visualization screen

Requirements:

High sensitivity Almost no data available for

Reasonably long life-time typical ECRIS currents and
Wide dynamic range energies
Possible choices:
Phosphor screen: P11 (ZnS:Ag) was tested; sensitivity significantly dropped

after about 1 min (total) irradiation by 209Bi2%* jon beam with energy of 75
keV/charge and current density (at pepper pot plate) of about 2 pA/cm?

MCP-phosphor screen: restricted dynamic range of MCP, high cost, such
option seems to be the only possible choice for very low intensities (£ 1nA/cm?)

Scintillators: CsI(Tl) and YAG:Ce were tested; both have shown good
sensitivity and life-time;

CsI(Tl) was chosen due to lower cost.
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Emittance meter structure

Scintillating screen
Shutter Pepper Pot (CsI(TD) with mesh
howvable . ]
Faraday Cup | Optical filter

------------------------------------- B T e . CCD camera

-1KV... +1KV

Trigger to shutter controller Trigger to CCD camera

Trigger to ¥ C coniroller

“Start” rigger

» Trigger
PC
Control Unit

Image from camera to analyze

'y
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Emittance meter structure (cont.)

B “Slow” shutter — FC with diameter 46 mm:;
- protection of “fast” shutter from damage by ion beam with power up to 10 W
- measurements of ion beam current at the entrance of emittance meter

B “Fast” shutter - iris-type UNIBLITZ-CS65S with aperture 65 mm and minimum
dwell time of 18 ms

- protection of scintillator from degradation by long-time ion beam irradiation

B Pepper pot mask — Ta plate @ 70 mm x 380 um, 415 holes with diameters 100 —
104 pm and spacing 3 mm

m Scintillator — CsI(Tl), @ 80 mm x 3 mm, grounded fine Nickel mesh with
transparency 88.6% and cell size 200 um is attached to scintillator front surface to
prevent charge build-up caused by ion beam

B CCD camera — 2 Mpix digital IMI TECH IMB-147FT 12-bit Firewire Monochrome:
- pixel size — 4.6x4.6 pm?
- shutter speed — adjustable from 1 usto 65 s
- adjustable gain
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Emittance meter timing

24VDC/11 A |
|
: FC infout

* trigger pulse
155, 3s ggerp
1| TTL00 ms
- Triggers of fast
i shutter controller
! TTL/ 300 ps
) ’
jopen . B c
|
: \ Fast shutter timing: OA - 6 ms, AB -
™ *» 29ms, BC - 18-10000 ms, CD -55 ms
close O A D

|
|
: » CCD camera
le ;J TTL/M ps trigger pulse
: 1-1500 ms
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General view of ECR ion source and LEBT line

,:.‘ ) (- u 1
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4 6 8 10 9 8 7 4 3

1 - All permanent magnet ECRIS installed on HV platform, 2 - 75-kV accelerating
tube, 3 - isolation transformer, 4 - 60° bending magnet, 5 - Einzel lens, 6 -
electrostatic quadruple triplet, 7 - electrostatic steers, 8 - rotating wire scanner, 9
— moveable horizontal slits, 10 — moveable Faraday cups, 11- emittance meter
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Parameters of BIE-100 All Permanent Magnet ECR lon Source*

*Axial peak field (injection region) — 13 kG

«Axial field at extraction — 6.6 kG

*Axial central magnetic field — 4.2 kG

Maximum radial field (at chamber wall) — 11 kG

*Aluminum plasma chamber: length — 17.5 cm, diameter — 6.4 cm
Extraction aperture — 8 mm

*Heating: 2 kW/14 GHz Kklystron + 700 W/12.75-14.5 GHz TWT RF
amplifier

*Extraction potential — up to 25 kV
*HV platform potential — up to 75 kV

*D. Z. Xie. Rev. Sci. Inst. v. 73 (2), 2002, pp. 531 — 533.
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Currents of ions with different masses and charge states

35— 2+
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Magnet Current, A Magnet Current, A

« 209Bj ions were produced using oven method
» Oxygen used as support gas to enhance intensity of Bi highly charged ions

» Current of Bil’* - Bi3* ions — 1 — 1.5 ppA
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Transmission from source exit to emittance meter

El. Hydrogen Oxygen Bismuth

lon I+ | 2+ | 7+ | 6+ | 5+ 4+ 3+ 2+ 25+ | 24+ | 23+ | 22+ | 21+ | 20+ | 19+ | 18+ | 17+ | 16+ | 15+ | 14+

[, HA 2 06| 10| 32 | 118 | 292 | 387 | 378 10 15 21 23 26 27 26 23 20 17 12 10

1.1 -
Total current of Oxygen ions (FC1) — 1.56 mA ~ 0 . . RTINS
. . O 0.9-
*Total current of Bismuth ions (FC1) — 0.23 mA Lg 0] " . a"
*Total current of all ion species (FC1) — 1.8 mA 5 0.7-
< ]
eTotal current extracted — 3.8 mA g 067
CD —
Transmission from source exitto FC1 —47% "Z 2'5 1
S 047
Transmission from source exit to é 0.3
emittance meter — 40 — 47 % @ 0.2-
S 014
- ]
0.0 T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14

Mass/Charge State
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Processing of pepper pot image: software input
05+, 113.5 PA/375 keV

Pepper-Pot system parameters:

- Number of X and Y holes and their spacing

- Distance between the Pepper-Pot plate and the scintillator screen
|

Camera calibration: This was done using a pepper pot irradiation by external
light source. The ratio of the distance between two holes to the number of
pixels separating their images on the camera is the calibration factor in
mm/pixel.

The analysis procedure is automatic and does not involve a manual selection
of hole images (peaks). Additional information to help guide the analysis
procedure is needed:

- Peak noise level: peaks below this level are ignored
- Max/Min distance between two consecutive peaks
- Max/Min difference in amplitude between two consecutive peaks
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Steps of the pepper-pot image analysis procedure

Read in image data: both 8-bit BMP and 16-bit PNG files are supported
Produce the X and Y profile by integrating over the other dimension.

Find peaks in a profile: An input peak noise level is used as well as the
Max/Min distance between peaks and the Max/Min difference in peaks
amplitudes.

The noise level in a profile is determined by averaging the content of both
edges of the real signal.

The hole-peak assignment is performed assuming that both the pepper-
pot plate and the camera are centered on the beam axis. An optional shift
of the assignment is possible using additional input.

Based on the hole-peak assignment, the position u and angle u’ is
determined for every pixel of the real signal in a profile.
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Calculation of the beam emittance and twiss parameters

B Pixel data is used for the statistical calculation instead of the peak data for
better accuracy

B For every pixel “I” of the profile we know the position u(i), the angle u’(i) and
the content (intensity) w(i)

B We first compute the average values: <u>, <u’>, <uu>, <uu’>, <u’u’> then the
sigma values: o(u,u), o(u’,u’) and o(u,u’):

_Tum
=5

o(u,u) = <u2> —<u>2; o(u',u)= <u'2> —<u'>2; o(u,u') = (uu’) = (uy(u’)

B The RMS beam emittance is then determined using the expression:

e(u,u’) = \/a(u, u)*o(u',u)—o(u,u’)?

B The Twiss parameters are then determined using:
o(UU). g )= o(u,u) .

a(u,u’)=-

e(u,u)’ e(u,u)’ ’ e(u,u’)
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Pepper pot image analysis software

Pepper-Pof Emitfance Measwrement Analvsis Soffwars Aceg O, 2008, 74:04: 38

Inaut:

Piciture file: OS+_gain_ 20_shulter {105 prg

X and ¥ Plate holes: 24 24

X and Y Holfe spacings () S.00000000000000 e
Fizte-Secreen distance (k) 00 00000000

Fisture X,¥ scale (mevgizel); 3E0000FRGRGERGNE-GRE B300R0CCCM0RT
Feak roise level factor:  1.00000000000000

Mz distance bbw geaks:  1.80000000000000

Max difference Bw peaks: 0000000000

. Cutput:
! Irmage width and height (pixels): 1280 FEQ

X results:
” A | Feaks: 15
Locations: a50 383 @7 450 484 SIF 0 553 S92 828 eed P2
Maximas: 38960 130830 204166 182772 173383 393343 139435 1112611 1T
Fulf Widths (meem): 204 344& 244 304 204 222 242 252 233 342
Central pixel, hoise level: GG 3
Beam cenbers; X (mm), ¥ (wrad): 15876380 L. 4237680
RME exvifizroe (wme-wmrad): 511339639
Twiss paraweters: A fa, Beta (mmfiorad): -1 9529874 14984956

¥ results:

e FPeaks: 13

ale Locations: 27 e 342 292 4§25 480 495 330 365 00 836
Maximas: 2032 8480 23436 223901 473909 FIGODZ VEE23TF 19FEI40 2713627
Fuld Widths (meen): 223 333 3399 380 344 223 323 223 323 233
Centra! glxe!, Noise level: FEE =1

Begkn penters, ¥ (men), ¥ (krad):  B.OBEBEITH SREAEI03

i RAME emittznce (wnemrad), 19525122

Twiss parameters: A ifa, Beta (medmrad):  -1.98153802 15782192

4|

LLALALIE AL AESL]
Bole o (o w0 (0|8

b (h w (e | (W

BAEATAL 4 21 25
HREIGIRIE A AU AT T
WIE PP

"
.

¥, mrad %", mrad Counts
59 640 59 G0 a0

Pixel saturation value: 55535
Megrrrber of safurated pixels: &

10.280

12,280 : =

-19.220 -19.220

Levels

50,540 i MTeg gan s Gt 1]
~30 600 -15.300 0.000 15,300 30,600 30,600 -15.300 0.000 15,300 30,600 0. 65536,

A
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LabVIEW based software for on-line measurements

Wiew Project Operate  Tools
|q> |@1 g IE‘ ‘ 13pk Application Fonk - ” o I

i

PP parameters

# hole spacing, mm ¥ hole spacing, mm # of ¥ hales

;

# of ' holes
. .

s
o

# calbration, mmfplx ¥ callbration, mm/pix | PP-screen distance, mm
£10.095 20095 o0
o i’

Noice filteing
MEDIANFILTER | THRESHOLD Lower limit

PR

-;}:50
Acticate Acticate
/"‘_‘“> /“‘_‘“) Upper fimit

) 100000
,

# Averages - nafilkering = Averages - filtered

640 T =71 |
¥ Bverages - no filkering ¥ Aerages - filtered

Peaks detection

Total # of ¥ peaks  Threshold X &rror i # of sorted ¥ peaks

5 b} iz

4

Unsarted X pesks  amplivudes of Unsorted % peaks

¥ = S A= v T ——
I . O e

Sorted ¥ peaks Amplitudes of sorted ¥ peaks ¥ average, pix

'E;?' s s 07 Processed image m
| 4 .o
E original image -
Pixels in i pgaks Starts For ¥ peaks Efids for ¥ peaks 5 Detected picks - ¥, mm
e e hhae e =
135 ofs Weer i+ Mlseo o Selected picks 2
- ¥ S ¥ = % interp. param. Interp method
i # hO\?S Iaclaﬁon ® Feaks at the left Fram x> ﬁx"}, mrad % 500 ;L'\inear
0 | 3 .14l 5 - -
0 == Emittances and Twiss patameters (RMS)
Tobal # of ¥ peaks  Threshold ¥ efrar ¥ # of sorked ¥ peaks - — - o - : 1 e ' ! - £ e
e . iy
m ™ B o 200 600 700 900 1000 1100 1200 1300 AL g s R AL Sl e
o Fivels 126.3641 | | 1-3.5546 | {2.5423¢ 15.3632
Unsorted ¥ peaks — Amplitudes of unsorted ¥ peaks
£ i i e i - Processed image
‘.385 .-‘J:;U V116403 o g = Ey, mm mrad Y alpha Y bets, mmfmrad Y gamma, mradfmm
: {22l 2 original image o ‘ L
il sarted ¥ pleaks .?mnll‘tutl:lals of slartecli ¥ peaks i average, pix t persctedpicks RN 122.8011 §-1.7249 [ 1.4544¢ 1273327
o \rg‘g"— o0 1 ea0m \522 T Selected picks ... ... Filetoanalize
% - o
SN o m—— Error code Bettings{abview |y
i Plxe‘f i \’IDEakS Starts For ¥ peaks Ends for ¥ paaks = T “5 g PocumentsiMultyQLEAT
s = IRy e— e & o eongApl 29}
- 35 ir 1 1;]373 = Biz2_gain700.png

Error comment
. ¥ hD!BSI ‘D_c?t'm Y peaks at the left From <y= 1 .

it £ PizelsinX  Pixelsin ¥
533 i5 |-4.14857

fizan (960

Pixels
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Emittance analysis software

B Both versions of emittance analysis software developed and used are 2D
analysis software (x-x’ and y-y’ projections of full x-x’-y-y’ 4D phase space
are supposed to be independent of each other and be able completely
describe phase space distribution)

M [t is not true for ECRIS ion beams - 2D (x-X' and y-y’) emittance can not
completely describe complicated phase space distributions (for example,
In many cases X’ depends on y and y’ depends on Xx)

B 4D (x-xX-y-y’) emittance analysis software and the best way of results
presentation should be developed to take full advantage of 4D pepper pot
emittance meter

Emittance Measurements of lon Beams ..., Sergey Kondrashev, ECRIS 20(
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Choice of CCD camera parameters

©

@

€ 60 | —* X-X'RMS Emittance (19.4 mm.mrad)

= 55 L= Y-Y' RMS Emittance (13.4 mm.mrad)

= ]

2 50 - °
S 45+ /
C - [ ]

S 40- /

u% 35 - .

cé) 30 - /

J @
||

@ 25 S
© _— |

Q 20 - /.’O/. e

N O/'/‘/. ./.

© 15- g—u—u—E

= i g m—E—E

= 10 -

8 .

5 =

Z O ! | ! | ! | ! | ! | ! | ! | ! |
‘-_|-| 0 100 200 300 400 500 600 700 800
- CCD Gain

Which value is “true” emittance value?
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Choice of CCD camera parameters (cont.)

ol

©

E_ 60 — T T T T T 1 T T T T T T [ 60
E 55| —— X-X'RMS Emittance (19.4 mm.mrad) | 55
S 1| —m Y-Y' RMS Emittance (13.4 mm.mrad) -

B 504 | —=— Number of Saturated Pixels ° _'50
8 45- 49
8 0] - 40
E 35- -39
0 30- 30
27 [ 25
@ 257 50
2 204 5
N 15
E 10 -
2. >
5 O
Zz 0 — T T T " T " T ‘" T " T " T ' -5

‘-_|-| -100 O 100 200 300 400 500 600 700 800
N .
0 CCD Gain

S|axXid pareinies Jo JaquinN

Criteria applied to all emittance measurements — number of saturated pixels between 1 and 10!
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Does Csl (Tl) scintillator have linear response?

Calibration pepper pot mask was used to check Csl (Tl) linearity:

- 4x4 array of holes with diameters 10 pm, 20 um to 300 pm
(20 um step)
- 5 mm spacing between holes

If Dy0e<<Dinager Dimage Will be defined by emittance of ion beam and should be

approximately the same for all holes.

Then, if beam has homogeneous current distribution across 15x15 mm2 area, ion current at
scintillator is proportional to (D, ,,.)?-

If scintillator has linear response, light output should follow this relation too.
The main challenge of this approach is very big spatial fluctuations of ion beam

intensity — 3 — 10 times over 15x15 mm? for focused ion beams of different ion
species.

It was improved to about 40 - 50% by switching off all electrostatic quads along
LEBT (total ion current dropped by about factor 5).
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Does Csl (Tl) scintillator have linear response? (cont.)

-—— ¥ 7r——T——7T——T7——7——T7—7 25x10° 11T T T T T T T
4
x10°F1 O Measurements = ] [] Measurements [
6x10* -/ M As expected according to Dﬁ 0 _ 2.0x10° | M As expected according to Dﬁ n -
= ! w { 3 = -
© 5x10" | 1 ©
= I - | > 15x10°f n N
= \ =
@ 4x10* - 1 2
[T - ] 12 -
£ 3x10°+ — < 1.0x10° |- -
£ - = I3
2 ox10°F o ™ 1 ® =
€ o 5
£ _ - | 5500 O T
Il
S 1x10*f 1 2 -
S || E r - T
0 W& ] 0.0} O] -
PN T T Y[ S IS N R TR SR R RN R S SRR SR
20 40 60 80 100 120 140 160 180 200 220 240 20 40 60 80 100 120 140 160 180 200 220 240
Hole Diameter, mkm Hole Diameter, mkm

O5%* ion beam, energy — 450 keV, current density (at pepper pot plate) — 0.24 pA/cm?

A
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Does Csl (Tl) scintillator have linear response? (cont.)

T T T T T T T T T T T T T T T T T T T T T T T
710" /\ Measurements A 7 25x10°F| /\ Measurements A A
6x10° |- A As expected according to D; ) A Asexpected according to Dﬁ
3 - A 4 | 320a0°F _
© 5x10° F © A
> - A A ] *? 6 A\ A
g 4x10* F AN ] @ 1.5x10" A A
2 [ 2 12 ACA
= 30°r A 1 5 Lo AN .
E T YAN A A e A
2x10° - | %
% - A A S 5.0x10° - L ¥a _
< o't A a A {4 E - A AN _
ol AAA ool AAA |
! | ! | ! | ! | ! | ! |
0 5|0 '160'1;50'260'2;50'3(')0 0 50 100 150 200 250 300
Hole Diameter, mkm Hole Diameter, mkm

Bi2%* ion beam, energy — 1.5 MeV, current density (at pepper pot plate) — 0.4 pA/cm?2

Csl (TI) scintillator dynamic range — better than 50
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Influence of pepper pot plate potential on measured emittance

m O KkV at pepper pot

1'4X106__ ® +1 kV at pepper pot 8
 1.2x10°1 A -1KkV at pepper pot ‘
g 1.0x106—: . .
@ 8.0x10° o "
£ 6.0x10° °
= . &
% 4.0x10° A At 2
CIE.).’ 5- A . l
§ 2.0x10 — 2 .
ool 2 ",
5 2 4 & & 10 12 14 1o
Horizontal Integrated Peak Number
5 RMS emittance ellipses
- Z5 (299Bi20+  with energy 75
| sems keV/charge state):
blue line — 0 kV at pepper
77777 pot plate,
A --1kV,
é red line - +1 kV

A
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Influence of scintillator pre-irradiation time on measured emittance

Integrated Intensity, a. u.

Beam: 1

Beam: 3

zzzzz

A

Argonne

TORY

-9
Beam: 2

B O pre-irradiation time
® 0.5 s pre-irradiation time

1.6x106—- A 1 s pre-irradiation time -
7| each point is averaged over 3 images
1.4x10° - —
1.2x10° o A,
e- "a [
1.0x10" +
_ "y A
8.0x10° A
6.0x10° -
. 2 :
4.0x10° 4 1 2
2.0x10° 1 1 .
0o] & =
O 2 4 6 8 10 12 14 16
Horizontal Integrated Peak Number
5 RMS emittance ellipses (29°Bi20+
with energy 75 keV/charge state):

blue line — 0 s pre-irradiation time

; —05s

red line-1s
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Emittance measurements for different ion species

*For each ion specie beam was centered by adjusting both bending magnets

«Slits were scanned for each ion specie

2.0 T ' T L ' T ' T ' T ' T
1.8 209B 22+

1.6

209 23+ - .
Bi _ Resolution was

] better for all other
] lon species

1.4

1.2

1.0

i 209 B | 24+

Current, emkA

0.6

0.4

0.2

0.0

X, mm

*Horizontal slits between bending magnets were adjusted to cut single ion specie

*Transmission from source exit to emittance meter — 40 — 47% for all ion species
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Emittance measurements for different ion species (cont.)

" xXx
N ® yy
1.0 H Black line - calculated by e = 0.032r2[mm]B[T]Z/A:O.SGZ/A
Blue line - e = 0.72Z/A, green line - e = 1.08Z/A
08 = + 8+
2 (O™
|
0.6 - [

Normalized Transverse Emittance, pi mm.mrad
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Emittance measurements for different ion species (cont.)

Argonne
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0.00

B XX

® yy
Black line - calculated by e = 0.032r2[mm]B[T]Z/A:O.BGZ/A
Blue line - e = 0.72Z/A, green line - e = 1.08Z/A

Normalized Transverse Emittance, pi mm.mrad

9.0

| ! | ! | ! | ! | ! | ! | !
95 10.0 105 11.0 115 12.0 125
Mass/Charge State
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Emittance measurements for different ion species (cont.)

B x-x' emittance is higher than y-y’ emittance for all ion species, probably, due to:
- higher x-x’ acceptance of the first bending magnet
- asymmetric ion beam distribution at ECR exit

B Dependence of emittance on M/Z ratio qualitatively well follows the dependence
of emittance due to beam rotation induced by decreasing ECR axial magnetic
field

B Emittance values are 1.2 - 3.2 times higher than emittance due to beam rotation
induced by decreasing ECR axial magnetic field; it means that ion temperature
iIn plasma, non-nomogeneous extraction electric field, non-linear space charge
contributions to emittance are comparable or even higher than contribution of
beam rotation induced by decreasing ECR axial magnetic field

B Emittance increases with increasing of charge state for both oxygen and
bismuth ions
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Emittance measurements for different ion species (cont.)

X, mrad ¥, mrad

Beam: 1 /—)
267758 7/ Bearn 2 13,763 /_w
Beam: 3 // ///

7 /
-2.026 / -4.588 f
/|

_
N

26 778 -13.763

-44.630 i, i 22,939 o
24272 -14.564 4855 4355 14.554 24,272 J1.458 0575 -3.292 2202 0.875 16.458

5 RMS emittance elipses: 209Bj18*, , 209Bj22+

Energy - 75 kV/charge state
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Bi20+ Normalized RMS Emittance, r mm.mrad

Dependence of emittance on biased disc potential

0.12 1 E XX 40 m 209520% o current (epA)
° yy 1 Y ® 10*total extracted current (emA)
2 = 35 s
0.10 || ® i
° 30 -
0.08 _' "o
YO |
" - 25__ ¢ : e |
0.06 " . u ¢ 520- ’ B o o
] 5 1
2 ° O 15-
0.04 ° 3 ]
10
0.02 - '
54
00 +—F—F—7F— 77T T T 0--|-|-|.|.|.|.|.,.,
20 0 20 40 60 80 100 120 140 160 20 0 20 40 60 80 100 120 140 160
Biased Disc Potential, V Biased Disc Potential, V
* Brightness of 2%°Bi?%* is maximal for -40 V biased disc potential
* E, «/E,., depends on biased disc potential
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Summary

B 4D pepper pot — scintillator (Csl (Tl)) on-line emittance meter was developed and used
to study emittance of DC ion beams extracted from ECR ion source

B A special attention was paid to linearity of registration system:

- no saturation of CsI(TI) light output was found for ion current densities typical for ECR
lon sources

- emittance measurement errors can be minimized by choosing CCD camera gain and
shutter speed just at the boundary of CCD saturation

B Emittance of all ion species extracted from ECRIS was measured:

- Dependence of emittance on M/Z qualitatively very well follows the dependence of
emittance due to beam rotation induced by decreasing ECR axial magnetic field

- Measured emittance values can not be explained by ion beam rotation only for all ion
species and contribution to emittance of ion temperature in plasma, non-linear electric
fields and non-linear space charge is comparable or even higher than contribution of
lon beam rotation

- Emittance increases with increasing of charge state for both oxygen and bismuth ions
- Emittance and brightness can be optimized by biased disc potential
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