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The New Paradigm Viewpoint

* Micromachining enables a new way of e
thinking about mechanical structures

« Parallel (huge) arrays of machines are |
possible .

* Machines comparable to size of biological
objects are possible

* Integration of electromechanical machines to
Individual small scale objects is possible

e Multi-physical systems
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Progression of MEMS

Si as a mechanical material (Petersen)
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. Why are we doing this?

1l

Make the smallest and lowest power MeV class Chip-scale accelerator

Il. Beam guidance on chip

lll. Particle acceleration

IV. Future

V. Summary
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LIGA is another approach that use x-rays for lithography – that can be reduced to chip scale. 
500eV – 20keV
Surface modification
Quality & failure control
Wettability, corrosion
Semiconductor contamination
Polymer adhesion
Biomaterials & p
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How ions are accelerated today…
500eV – 20keV
Surface modification
Quality & failure control
Wettability, corrosion
Semiconductor contamination
Polymer adhesion
Biomaterials & p
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Linear Accelerator

°"§“J,c¢,;___k+

Alternating electrodes

lon gains energy across every gap
Electrodes driven at RF voltage (constant frequency)

Subsequent electrode lengths greater due to increase in ion velocity

—| Very lon
For proton to reach 1MeV, need ~6 km (at 40MHz, V,,,=20V) y1ong

Cyclotron — | Large & heavy

e Circular path of ion due to B-field:

_mv_ v L L
Bq a)cycl :' {:
‘.\ '\\ P ®
e |onis accelerated at gap between the “dees”. |
e Radius of cyclotron depends on final energy only
e Trade-off between B-field strength and cyclotron size ™~ = dee

For 1MeV proton in 1T B-field, cyclotron size ~30cm diameter
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Microtron [2]

Accelerating RF cavity ; Ak
\ Current
B-field i )
-7 X IPP, Russia 75 15 17 35 0.9 Nuclear
physics
IPP, Russia 110 32 30 50 5 Radiation
analysis
UINR, 110 30 30 60 4.5 Neutron
Russia Fast
reactor
PIASU, 60 7 10 110 2 Positron
Russia accel.
Lunde Uni. 50 6.4 10 50 0.6 Synchrotr
Magnetic channel Sweden on
. injection
for extraction
Western 50 6.2 8 40 Split Part.
Ontario Dynamics,
Uni. Rel.
Canada
London 200 29 56 103 20
Uni.
- England
1{}('['[{;\("!‘!0&'-_ / Uni. 137 44 34 15 15 Storage
TUBEZ —— 7 Winsconsin ring
[1] S , USA injector



Presenter
Presentation Notes
Cannot be used as is for ion acceleration.
Take out columns
References on page.



Microtron at Johannes Gutenberg University, Mainz [6]

100keV —>3.5MeV ——>14.86MeV ——>180MeV——>855MeV ——=>1508MeV
Linac MAMI Al MAMI A2 MAMI B MAMI C

Linac: 22m total RF power diss. : ~280kW
Weight: 744 tons Current: 100uA
Frequency: 2.45GH




What if we use E-field only for guidance?

No B-field, no heavy magnets.

_—' Guide

Electrodes
DC n
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Basic Building Blocks

. otal
pripet®

|
|

Vguide

I:guide = I:centripetal
2
mv
OE fierg = r

lon Guidance
Positive charged ion with velocity v
guided around radius curvature r.

V2

lon Acceleration Component

lon with initial energy U,, will be
accelerated to

Uout :Uin +C|V

accel

Vil

t time when ion is
etween electrodes
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Simple concepts: elementary building blocks
With these the entire chip.
Need to test these on chip first – this is the stage where we are
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. Why are we doing this?

Il. Beam guidance on chip

lll. Particle acceleration

IV. Summary


Presenter
Presentation Notes
Briefly touch on focusing


ION BEAM GUIDANCE

N k= YeVe
)| )
In| —=
Rl

SIMION: potential landscape with particle
trajectory for ideal case

V(r):V1+kIn(

1

potential
guide X
Er:_d¢:_ V,-V; 1 y
dr In(r, /) r
mv,’ |
L= _qEr(re) = rEe On.
Te trajector
2 i
_ My, 5
) qu Guide

electrodes



Electrical breakdown — Paschen Breakdown

1000
B
\% (min)
[Torr-cm] 500 Vi
Ar 137 0.9 B werrees 50 micron gap
- : s 500 micron gap
N, 251 0.67 400 i
0, 450 0.7 3 g
Air 327 0.567 200/
/ 0- | I | | I
20 40 80 80 100x10°
For 10um gap, need P<5uTorr o [Pa]

Safe to be at 1uTorr to accommodate
for gaps in design Carazzetti et. al., Proceedings of SPIE Vol 6884 (2008)



To Target KeV - 1;
MeV Energy 10
(Protons) E 8

g °

g 4

DESIGNSPACE ~ ~ 2

100 140 180 220 260 300

Radius R [cm]




Confinement radius versus Electric
and Magnetic Fields (Electrons)

Confinement radius v.s Energy for different electric and magnetic fields

10°,
3l g - .
107 | ===-E=10" Vim "
f e=5*1°vm |
10° | B=AT | e

Confinement radius{cm)

2 10" 10°

Energy(Mev)

10 10



Design Space for Proton Beams

TOF (100 Time Frequency
radius of circle| voltage micron (50v/stage)(1| (Hz)(10uA
Energy(keV) | velocity(m/s) v/c d (10-ns)(m) (cm) (10ns)(V) distance) |Ons/cycle)(ns)) beam)

1 4.37E+05 1.46E-03 4.37E-03 6.96E-02 2.87E+00 2.29E+02 200 5000000
10 1.38E+06 4.61E-03 1.38E-02 2.20E-01 9.08E+00 7.23E+01 2000 500000
100 4.37E+06 1.46E-02 4.37E-02 6.96E-01 2.87E+01 2.29E+01 20000 50000
1000 1.38E+07 4.61E-02 1.38E-01 2.20E+00 9.08E+01 7.23E+00 200000 5000
10000 4.37E+07 1.46E-01 4.37E-01 6.96E+00 2.87E+02 2.29E+00 2000000 500
100000 1.38E+08 4.61E-01 1.38E+00 2.20E+01 9.08E+02 7.23E-01 20000000 50

*10ns transit time — 100MHz clocking
*50 Volt acceleration per stage
*100-micron accelerating stage
*10 uA beam output

V=2%E 3

I



ION BEAM GUIDANCE
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Confinement Techniques

11

14

DC AE ‘L:e

D(.'(g_ T:Fe DC
LA LA LA T

Electromagnetic forces on electron in the
guiding channel in the guiding channel

P L LT LT TS

quadrupoles

Realization of electric and magnetic



Equations of motion for Radially Symmetric lon=Electron

Waveguide
~ - aq !
r—r6<=—(E,.+10B,)
m
rér . . q . _
N 80 0 278 + 168 = —(ZB, — 7B,)
m
.9 -
Z=—(E, —1r0B,)
m
A B /7 . . .
Z Vi V4 Real time code written in
N I MATLAB for determination of
| V2 \g ion track in presence of
11 12 electrical and magnetic fields
V3 V6

SonicMEMS Laboratory, Cornell University



Electrical and Magnetic Field Calculations

™~
V1
V2
it
V3
—

*Magnetic and Electrical fields can
be extracted from ANSYS from any
given voltages and currents on

waveguides.

eExtracted fields can be used in

\

V4

Kl

V6

MATLAB to calculate charged
particle trajectories

Electric and magnetic fields simulations

SonicMEMS Laboratory, Cornell University



Effects of right choice of parameters in extending the residence life of the proton
0.2001 | T T T T T T
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e
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N

Radial position
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0.2 -
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0.2 12=0.4A(Optimum)
0.2 ' ' l I | —2=0.TA
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NMumber of cycles traveled

SonicMEMS Laboratory, Cornell University



Radial position(m)

0.2001

0.2001

0.2

0.2

0.2

0.2

0.2

0.2
0

Effects of right choice of parameters in extending the residence life of the electron

12=-6mA
[2=-6mA

13=-4mA (optimum)

ATATATAY

|
0.5 1 1.5 2
Number of cycles traveled

SonicMEMS Laboratory, Cornell University
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Argon lon Guidance
Experiments



ION BEAM GUIDANCE

mg Ier(,entatlon

Channel width:10pum
Channel height:20um
Radius: 400um

% 1!"!¢! "

!.----‘i“ 1
|||!|Il||’1¢
i



Presenter
Presentation Notes
Do we need to include the process flow?


ORIGINAL SETUP

* Beam energy range 0.1keV — 5.0keV

* Working at 1.5keV

e Argon ion beam (2 — 5 uA)

* Other gases possible e.g. hydrogen, oxygen

*Pressure: ~10® Torr
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ION BEAM GUIDANCE

Alignment into chip

25-75um dia. beam

Oxide

Diff. btw. Guide Electrode ON & OFF

Result (SOI)

20
Beam energy = 2006eV

Guide Electrode = 40.11V
151 Focus=9.3
“y” positioning =1.9

10 80um ﬂ,l

Beam width 75um

0 1 2 3 4 5 6 7
X- positioning (a.u.)

SOI channel width 10pum.

Background I : V4. is OFF.

Plotted I - & shows ion beam is
guided.

Signal current |, : when V, ;. is ON.

9
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ION BEAM GUIDANCE

On Printed Circuit Board

!

Current signal [nA]

_—-‘r"U i ‘y’,inlw.i : 4 : \
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On PCB at Various lon Energies

ION BEAM GUIDANCE

Current signal [nA]

1 e

.' '
]ﬁimlJ“M -'mhiwhk&l-' -; m
=) |
=0

Current Signal [nA]

gl g5 90 95 100 105 110 115

Guiding Voltage [V]




Guide Electrodes

THE GOAL

lon Guidance

Focusing

lon Accelerator

vV

accel

Vl V2 Vl
1

1

V
Ljh) ;;_,

out

1l
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. Why are we doing this?

Il. Beam guidance on chip

I1l.Particle acceleration

IV. Summary
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ION ACCELERATION

lon /. Viaccel
source . I +@- l
O O O

lon Acceleration Component
lon with initial energy U, will
be accelerated to

Alternating
electrodes

accel

LJout — Uin _F'(]\/

accel




ION ACCELERATION ==) Design Factors

1. Electrode Lengths

Gap llg”

00 T | S | o | M—
R [—[ e B—

Vv 1 |2
|n+1:2r_i: :2f\/ q(V0+nVaccel)

Final ion energy [eV]

m
/

2. Frequency of RF-driven electrodes

1560

15401 EO SIMION results

1520} x

NP AN

N/ NP
1480
(us0l
35MHz
144 DO 2|D 4|0 6IO SID 100

Drive Frequency [MHZz]
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Limitation on gap length: can’t be too small as to be unable to be fabricated.
Right now gap length is 3um
V0 is voltage gain if particle is passing through a DC field in distance g.
Transfer function is the ratio of energy gained in RF-field to that in DC field of voltage V0cos(phi). T is a measure of the reduction in energy gain in a time varying field.



ION ACCELERATION ==) Design Factors

3. Particle Phase

lon needs to be in sync with RF E-field in gap

for max. acceleration

Particles t out of phase are decelerated

A spread in energy occurs

SIMION results

1560
1 T T T T T T T T
. /.!\\ | 1540 F
it /N
: /! : ?‘ 1520
it ol -
En ;‘I L | \i\ %-
[ 14 \Q 2 1500
(I 9 5 i
N (T A S\ A (B~
AN LI AR AR Py
wr : \\ : / : : I : \-\ : / : |
o\ // o\ If | 1460l
'1_i | \\I-I// | I Ii ' II I 1 > 1 I
S -z _m mozZzzx x 37
2 2 4 4 2 2 1440
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Simulated results with SIMION 


ION ACCELERATION ==) Design Factors

3. Particle Phase

 If assume particles enter channel in
aline P

* For a particle with given energy, it
occupies an unique position in
phase space

e Gaussian spread in energy

Energy

45 I
000000000 O0CO OO w = 63.89

20V p-p

.
T
|

o
(5]
T
|

08f / \
U5t / \

b / \

L]
T
|

ro
o
T
|

02

~
T

FISAY / \

—
o
T

uf / Y /

Simulated Energy Distribution

—_
T

Q8 '\_\ / \ /

(
C

N

N

N
(]

1400 1450 1500 1550 1600
Final Accelerated Energy [eV]



ION ACCELERATION ==) SOI Implementation

Driven at 35MHz

Acceleration

Gap gain:20eV
Total gain: 60eV

Guidance/energy
selector

Sensor electrode
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I want to fix this page: I want the cartoon on the left to have particle going from top to bottom to correspond to the figure in the middle.
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. Why are we doing this?
Il. Beam guidance on chip

lll. Particle acceleration

IV. Future

V. Summary
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THE NEW
SETUP

Larger chamber

Probe for beam detection

Two x-y-z stages for probe and
sample movement (50nm
resolution)

2um resolution camera focused
on chip

Easier to open/close chamber




THE NEW
SETUP

005,

e Beam detected by probe
e Could be used for beam
profiling
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So far...

Future work

SUMMARY & PLAN

Demonstration of guiding around 90° curve.

Preliminary results of acceleration.

Simulations of linear & 127.5 ° focusing.

First design with simulation of accelerator that can scale up in
size with energy.

New setup with moving sample and probe stages for better
alignment and optical visualization with scope.

Continue fabrication process for Cu electroplating and SOI
implementations of test devices for >90° curves and circular
design (higher channel walls).

Implement Einzel and 127.5 ° curve focusing.

Test acceleration between two curved guide pairs.

3 layer structure for focusing out of plane.

Implement accelerator from 2keV to 20keV
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