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WHAT IST
ALTERNATING PHASE FOCUSI




Without magnetic focusing inside the cavity, a high share of beam
might be dumped to the walls.

Thus, only short cavities are feasible without magnetic focusing?

longitudinal _[—————————————————————
envelope
C—/ C O Cdd . .3 C .3

Transverse
envelope
RF acceleration No transverse Beam losses
focusing
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Alternating Phase Focusing Cavity (proposed in 1950s)

 Removes magnetic focusing lenses from the DTL
* Achieved with advanced electric focusing

Longitudinal W
envelope
C CJOOCd 3O .3 .3 .

Transverse
envelope
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BASICS OF ALTERNATING PHASE FOCUSING

Alternating Phase Focusing Cavity

 Removes magnetic focusing lenses from the DTL

* Achieved with advanced electric focusing

» Alternating focusing (F) and defocusing (D)

* Special timing of the bunch with respect to RF phase required

Longitudinal
envelope

Transverse
envelope

F: Focusing
D: Defocusing
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BASICS OF ALTERNATING PHASE FOCUSING
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BASICS OF ALTERNATING PHASE FOCUSING
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Several phase-
profiles were
presented during
the last decades:

* Sinusoidal

e Stepfunction
 Heavyside

e Sawtooth
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Fig. 3. The NIRS APF sequence. (Courtesy of
NIRS.)
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FIGURE | Array of basic phase sequences with excitation and performance data.
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Table 3
Main parameters for final HSC linac design.

RFQ GBEP+DTs
Chare (o mass ratio (q/A) 612 (C°*)
Operation [reguency {MHz) 100
Total kenglh {mm) 1800
Poweer (kW) (MWS) 9398
Q valie [MWS) 14577
ERT lemgth (mm) 150
Maximim feld (Kipat.) 1.8
Number of cells 41 1+16
Synchrotron phase 90 - 30 0, 60, 30, 30, 30

kick (arb. units)

Alternating Phase Focusing Under Influence of Space Charge Defocusing

Sync. Phase (deg)
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First theoretic proposal

of alternating phase 3.4m medical 12C#
focusing (APF) injector operated APF@J-PARC Muon
based on APE Linac operated

DDDDD

Hybrid single cavity linac

First (?) APF DTL
(RFQ+APF-IH) operated

operated at
Dubna

APF-IH @ Helmholtz
Linear Accelerator

Dielectric-Laser Acceleration
proposed
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SNA DESION
WITHOUT SPACE CHARGE |

APF-IH @ Helmholtz Linear Accelerator




GSI/FAIR & HELMHOLTZ LINEAR ACCELERATOR

Cryomodule 1

Cryomodule 2 Cryomodule 3 Cryomodule 4

LEBT RFQ RB1 IH1 IH2 RB2/3 CHO CH! CH2 CH3 CH4 CH5 CH#¢ CH7 CHS CHY CHI0 CHI11
Fm o JoHo .
QD1 QTI QT2 QD2 QD3 S1 BI S2 D1 S3 B2 S4 D2 S5 B3 S6 D3 S7 B4 S8
ECR 0.3 MeV/u 0.7 MeV/u 1.4 MeV/u 4.3 MeV/u 7.3 MeV/u

HELIAC

GSI DARMSTADT

Linear accelerator Ring accelgfator Ring accelerator

SIS100

Production of
new atomic nuclei

o S
i
-~

Production of
antiprotons

| — |
100 metres
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A new continuous wave accelerator is under
construction for superheavy ion research:

HEImholtz LInear Accelerator
HELIAC

GSI DARMSTADT

Common project of HIM and GSI
under key support of IAP
[l existing facility

B planned facility

[l experiments
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GSI/FAIR & HELMHOLTZ LINEAR ACCELERATOR

Cryomodule 1 Cryomodule 2 Cryomodule 3 Cryomodule 4
LEBT RFQ RBI1 IHI IH? RB2/3 CHO CH!I CH?2 "H3 CH4 CH5 CHé& CH7 CHS CHY CHIO CHI11
i HH i
e oHIo 4 =0 | =. =0 =, =0 | =
: - il
QDI QTI QT2 QD2 QD [ S3 B2 S4 D2 S5 B3 S6 D3 57 B4 58
ECR 0.3 MeV/u 0.7 MeV/u 1.4M V/u 4.3 MeV/u 7.3 MeV/u
HELIAC Normal conducting injector Superconducting main linac
GSI DARMSTADT z (m)
I T T T T T T T T T T T 1
0 10 =0 30

Superconducting Cold string asse
crossbar H-mode cavity n 1
§-A

Inclined stem Dynamic tuner

bly  Cryomodule 1

Static tuner

Y

Preparation
ports
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GSI/FAIR & HELMHOLTZ LINEAR ACCELERATOR

Cryomodule 1 Cryomodule 2 Cryomodule 3 Cryomodule 4
LEBT RFQ RB1I IHI1 IH2 RB2/3 CHO CH! CH?2 CH3 CH4 CH5 CH¢ CH7 CHS CHY CHI10 CHI1
K JHIo - -
in I il
QD1 QTI QT2 QD2 QD S1 Bi1 S2 Di S3 B2 S4 D2 S5 B3 S6 D3 S7 B4 S8
ECR 0.3 MeV/u 0.7 MeV/u 1.4 M V/u 4.3 MeV/u 7.3 MeV/u
HELIAC Normal conducting injector Superconducting main linac .

GSI DARMSTADT

[ | T T T T T T T T T T T 1
20 30

Radio frequency | Two normal conducting APF injector cavities
quadrupole (low 1mA current, under construction)

-:L"'. ',‘.4.\.. B .i 2 l j ’ 4 - & L
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BEAM DYNAMICS DESIGN OF THE ENTIRE DTL SECTION

Transversal —

Longitudinal
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BEAM DYNAMICS DESIGN OF THE ENTIRE DTL SECTION

Beam input and output in three main phase planes

+20 T +30 +4
RFQ Output 3
g
"
~8% 3%
emittance emittance
growth growth
without without
halo halo
=)
©
g
IH2 Output "
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LESSONS LEARNED
FROM APF DESIGN




LESSONS LEARNED FROM APF DESIGN

Learnings developing our APF cavities (+90°)

Phase ¢

[ ]
Synchronous

The optimum phase-profile is sinus-like

» Use splines to optimize phase profile (instead (-90°)
of every single phase)

* Target a fixed energy LO”egr'fV‘;‘fg;a;
» Automatic scaling of phase-profile to reach
energy Transverse

envelope

Monte Carlo is inefficient
» Apply other global optimization strategies

Realistic beam transport is slowly calculated

» Use matrix-based transport-code for max.
performance

A software package for APF prototyping was
developed, allowing delivering beam dynamics
designs within 1 day!
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LESSONS LEARNED FROM APF DESIGN

Simulation Parameters Accelerator Parameters

Particle number Input/output energy
Space charge accuracy (using Number of gaps

naive Coulomb solver) Frequency
Gap phases Acceleration gradient (mean / minimum)

Cell/gap-length ratio
Consider 6D coupling Optional: Voltage per Gap (e.g., from CST)

High performance required

HB Workshop 2023 S. Lauber Alternating Phase Focusing Under Influence of Space Charge Defocusing

Bunch Parameters
Input emittance
RMS/total ratio
\ERSS
Charge

12 /17



SOFTWARE CAPABILITIES:
Tech-demo with space char




BOUNDARY CONDITIONS

Parameter Value

Realistic boundary conditions are used: NSRB[RI °
Frequency 108.408 MHz
Injection energy 1.4 MeV/u
e HELIAC cryomodule 1 Output energy 3.6 MeV/u
 UNILACtank A1 Aperture radius 15 mm

72 deg keV/u

Total emittance (longitudinal
(long ) (1.85 keV/u ns)

These conditions are wused to
18 mm mrad

investigate the capabilities of the Total emittance (transversal) (0.97 mm mrad normalized)
Sﬁftware under influence of space Electric field gradient (avg.) 3 MV/m
charge.
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

Voltage and phase-profile along cavity

* Realistic voltage profile
* Average field gradient
* Minimum field gradient
* Gaps longer -> higher voltage

400

w
o
o

Voltage (kV)
]
o
o

* Calculated during beam dynamic 100 |

due to APF geometry 0

What is the ideal 66 cell structure for 200 F— oma
5mA, ... 15mA? =
g
o 100 F
g
=
[al
g or
& /\/\/\/\
-100 : : : ' ' '
0 10 20 30 40 50 60

Gap number
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

Voltage and phase-profile along cavity

* Realistic voltage profile
* Average field gradient
* Minimum field gradient
* Gaps longer -> higher voltage

400

W

o

o
I

Voltage (kV)
[\]
o
o
I

* Calculated during beam dynamic 100 |

due to APF geometry 0L | | | . . .

What is the ideal 66 cell structure for
5maA, ... 15mA?

* Beam current is increased
* Phases are adjusted
* More focusing at the center
* Less focusing at the start oo L = | > | | |
* Overall same output energy 0 10 20 30 40 50 60

Gap number

200 F— OmA — 5mA  — 1lmA —— 20mA
— 3mA — 8mA —— 15mA

100

Sync. Phase (deg)

7 different DTL geometries are yielded
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

Emittance growth for the different cavities Voltage and phase-profile along cavity
—— hor. 400 F
—— vert.
400 | . 1ong. _
g 300 |
[<b]
& 200 F
< 300 | S
< 100 F
=
=
8 0 | | | | | 1 |
3 0 10 20 30 40 50 60
® 200 |
5 200 F— OmA — S5mA — 1lmA —— 20mA
it — —— 3mA —— 8mA —— 15mA
= o
g 3
F =
100 F g 100 F
=
[a W
S op
>
9]
0 -
| | | 1 1 1 1 _100 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 10 20 30 40 50 60
Current (mA) Gap number
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

Emittance growth for the different cavities Voltage and phase-profile along cavity
—— hor. e hor; +10 Cells 400 . . .
— vert. s vert; +10 Cells Beam quality decreases with high
400 [ —— long. e long.; +10 Cells —_
/zﬂ’ current
® For better focusing
200
2 « 10 cells are added
< 300 | S S
= 100 Global optimization repeated
E
2 0
O
@ 200 F
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

Emittance growth for the different cavities Voltage and phase-profile along cavity
—— hor. e hor; +10 Cells 400 F
—— vert. o vert.; +10 Cells
400 [ —— long. e long.; +10 Cells —
g 300 |
()
5’ 200 F
< 300 | S
< 100 F
=
S 0 | | | | | | | |
3 0 10 20 30 40 50 60 70
2 200 F
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= =
5 S
100 | % 100 | |
£ /
° S oL - \ / \/ \
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

X (mm)

Ag (deg)

HB Workshop 2023

10

-10

40

20

-20

Envelopes along 30mA cavity

Voltage and phase-profile along cavity

e Results are confirmed with 29 solver

» Slight difference due to transit
time factor

0 10 20 30 40 50 60 70

—— 20mA (+10 Cells) 30mA (+10 Cells)

N 400
= 300
i >
2 200 F
=
I S
100
| 1 1 1 1 |
2 3 4 5 6 7
z (m)
------ 99% of particles (rapidAPF) - (DYNAMION) 200 |
—— 90% of particles (rapidAPF) —— (DYNAMION)
- c
o 100 F
4]
©
" <
[al
S of
=,
= 0
| | 1 | | |
2 3 4 5 6 7 —100
z (m)
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50 60 70

AVAVAYS

Gap number
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

4t 4 b
The beam quality with 30mA heavy ion oL R
beam is still high after 7.6m transport! = G
2 Of = o
x -2k > -2 F
i
Full transmission! al b | | |
-20 20 -20 -10 0 10 20
Considering 90% of all particles: v (mm)
20
* 36% longitudinal emittance growth 20
. _ 10 b
* 50% transverse emittance growth Z of ~
> = ol
2 20 E
% <
The beam quality strongly depends on —40 F —-10 |
the boundary conditions, that are set | , , |
. T -60 —= -20
for each project individually. -30 -20 -10 0 10 20 —20 20

¢ (deq)
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CURRENT STATUS AND FUTURE DIRECTIONS

Has been discussed in literature since many decades

Due to computer aided design of accelerators, construction is eased

A high challenge is still the demand for expertise to design such linac

APF acceleration is adopted in several fields
* For dielectric acceleration, as magnetic focusing is impeded
* Forion accelerators (also for medical application), where financial constraints are given

APF theory must be further developed to make it more accessible

 |deal equations should depend on acceptance (long. & transv.), acceleration gradient,
and input twiss parameters, considering 6D coupling

* Recent solutions comprise numerical optimization

Design of high current APF structures is conveniently achievable using efficient approaches.
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NEW SOFTWARE IMPLEMENTING
BEST PRACTICES




NEW SOFTWARE: COST FUNCTION

numpy as np

total_cost(self) -> float:

axis in range(3):

I cost += .emittance_growth_pseudo_tot(axis) **
. cost += np.nanmax .envelope_trans_m) *
XS = .distr_out[:, 0] P : Pe_ il

nonan = np.isreal(xs) & (~np.isnan(xs)) & (~np.isinf(xs)) S —— envelope_trans_m) *

losses() >
cost += *((1 + self.losses()) * ) **
cost

np.sum(nonan) <

np.inf
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NEW SOFTWARE: ZERO CURRENT EXAMPLES

Trans. and long. Envelopes in 4 different linac examples

10 10
lope lope
5 lope 5 lope
R - - lope e tope
° E o 0 ommes - —— RapidApf2 E o T TR ~+= RapidApf2
H I p e r o rm a n ce O r % || emeEEETEER =i e v ® | mmmmmmmmm e o ~ RapidApf2
g -5 A.;s-'-':""'" cciiian S TROTETE P AT vrATATeTTT——. -5 _‘____‘__,_:_;,,,.‘..‘,.,_..,,,....._____A___“_“___m.“_“5___‘_,_,_,..,...._..,----,--—‘--.":"'-"“"-""""':"" - D
. . . -10 - . -10 - v v - r
0.0 05 1.0 15 2.0 25 3.0
esigning alternatin ase 0 0
envelope
. 5 D envelope 5
= Tas lope | e —————————
fo C u S I n D I L E g T SRR e —— RapidApf2 S e ! 100% envelope
see E o + RapidApf2 E R — 90% envelope
= = === 50% envelop
-5 T Wgreenenneene A g g, -5 e .
o —— e B o T Ty e g At sagaaanpasi g —=— RapidApf2
. N N «— RapidApf2
-10 - -10 - . r - -
e new software allows rapid beam O S S S S w 5
20 20
. . . . " "
dynamics design within hours . - s
g of  meee o TUTammRITE TTOSSSSsesctTTRSTEmRS _-_'—-— RapidApiZ g 0
- +~ RapidApf2 iy
. . . 10 10 o N —=— RapidApf2
INSteéad Oor weeks WIth previous — rapioz
20 -20 - r r - v
0.0 0.5 10 15 2.0
approach)
10 10
100 % envelop
5 5 —— 90% envelop
_ _ 50% envelop:
é o E o —— RapidApf2
e % —=— RapidApf2
5 -5
Examplel: IH1&2 as one tank
* -10 - - - - - - - - -10 - - - - - - ; -
0.0 05 10 15 2.0 25 3.0 35 0 1 2 3 4 5 6 7
10 10
«==== 100 % envelope «==== 100 % envelope
Example2: CM1 replaced : e : —
] goooTe e T —-=-- 50% envelope —-==- 50% envelope
- et N z N
E s TEraeessemes®S | oo LidADR E = NE—— —— RapidApf2
= 3 i TS s —— RapidApf2 = - B = e —— —— RapidApf2
. M
Exam mm 5 5
xample3: 3.5 edical APF-tank
L] L]
10 10
0.0 05 10 15 2.0 25 3.0 35 0 1 2 3 4 5 6 7
20 20
. ===+ 100 % envelope ++++= 100 % envelope
Example4: 7.0m medical APF-tank . — snomon . — oo
* * P~ T i T e -=- 50% envelope _ —-=-=- 50% envelope
5 P e oSS S e 5
g 0 i Rapidapi2 .
by = ~—=— RapidApf2 =
and so on
LN ]
-20 - - - - - - - - 20 - - - - - -
0.0 05 10 15 2.0 25 3.0 35 0 1 2 3 4 5 6 7
z(m) z(m)
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NEW SOFTWARE: PERFORMANCE

* Performance (7.6m 76 cells linac)
(CPU: Intel Xeon Platinum 8268 2.9GHz)

e 10ms w/o space charge
e« 80ms (0.8s single core) 500 particles, 5 calculations of space charge per cell
 150ms ( 3ssingle core) 1000 particles, 5 calculations of space charge per cell

* Further speed-up by FFT-Based space charge?
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Conventional heavy ion drift tube linac (DTL) H-mode
for ion injectors

* Costly internal lenses of conventional DTLs

Longitudinal
envelope

Transverse
envelope

‘A

RF acceleration Internal focusing lens RF acceleration
(typically, embedded
quadrupoles)
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Conventional heavy ion drift tube linac (DTL) E-mode
forion injectors

* Costly internal lenses of conventional DTLs
* High energy consumption in E-Mode structures

Longitudinal
envelope

Transverse
envelope

RF acceleration Many internal RF acceleration
focusing lens
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Short cavities with external lenses

* |Improved maintenance and upgradeability due to modular design
* Possibly eased operation from additional beam diagnostic

Longitudinal
envelope

Transverse
envelope

RF acceleration External RF acceleration
focusing lens
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High performance for

designing alternating phase S

focusing DTL... B
The new software allows rapid beam 1:
dynamics design within hours N
Examplel: IH1&2 as one tank m

Confirmed with second solver
(DYNAMION)
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losses: 0

~~~~~ 100 % envelope
—— 90% envelope
—-—- 50% envelope
idApf2
RapidApf2

----- 100 % envelope
—— 90% envelope

—e— RapidApf2
—e— RapidApf2

----- 100 % envelope
—— 90% envelope

z (m)
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losses: 0

High performance for

. . L 5 L L 100 % envelope
designing alternating phase ;. — 50 envere
T :_- a“:: envelope
focusing DTL... L B
. _5—
The new software allows rapid beam
. . o . -10
dynamics design within hours .
;|
E oo RS/ N
> et (s —-=- 50% envelope
-7 —e— RapidApf2
Examplel: IH1&2 as one tank o T Repidief?
2.0
Example2: CM1 replaced 2“
10 A
g 0 — 90% envelope
he === 50% envelope
—10 —e— RapidApf2
—=— RapidApf2
0 0.0 0.5 1.0 15 2.0
z (m)
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High performance for
designing alternating phase
focusing DTL...

The new software allows rapid beam
dynamics design within hours

Examplel: IH1&2 as one tank
Example2: CM1 replaced
Example3: 3.5m medical APF-tank
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x (mm)

y (mm)

¢ (deg)

losses: 0

----- 100 % envelope
—— 90% envelope
-=- 50% envelope

—+— RapidApf2
——

0.0

0.5

1.0

2.0

25

3.0

3.5

----- 100 % envelope
—— 90% envelope
--- 50% envelope

et T —— B g —s— RapidApf2

B

0.0

0.5

1.0

1.5

2.0

25

3.0

3.5

----- 100 % envelope
—— 90% envelope
-==- 50% envelope

—+— RapidApf2

0.0

0.5

1.0

15

z (m)
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2.0

25

3.0

35




losses: 0

High performance for
designing alternating phase y = sowimene

-=-- 50% envelope

focusing DTL... E o ponen — v
The new software allows rapid beam __5'
dynamics design within hours il 1 2 A : ; : 7

----- 100 % envelope
5 4 — 90% envelope
-=- 50% envelope

é 0 R . A R, e " (00
_5<
Examplel: IH1&2 as one tank ol | | | | | |
0 1 2 3 4 5 6 7
Examp|621 CM]. replaced -/ = 100 % envelope
10 A —— 90% envelope
Example3: 3.5m medical APF-tank § . S rveipee
= — —+— RapidApf2
Exampled: 7.0m medical APF-tank ~10
-20 T T T T T T T T
and so on... 0 i 2 3 : : ; ;
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INCREASING SPACE CHARGE, ALTERING GEOMETRY

Differential Evolution

Basinhopping
Monte Carlo
etc.

HB Workshop 2023

Hyperparameters Number of gaps
(zero current) Gradient (mean & min)
Twiss-parameters
Current
Etc.

Optimize (global)

Resulting
Optimized gap phases

Hyperparameters
(increase current)

Optimize (local)

Resulting
optimized gap phases

S. Lauber Alternating Phase Focusing Under Influence of Space Charge Defocusing



DEVIATION FROM NOMINAL CURRENT

Using the 30mA 76 cell linac design,

the influence of non-nominal current is 100k Hor. (naive) ~ —— Hor. (opt) ~ —— nominal
. . d -~ Vert. (naive) —— Vert. (opt)
InveStlgate . @ ------ Long. (naive) —— Long. (opt)
= 80
i
: . : =
During commissioning with lower S 6ok
current, even better beam quality can %
Q
be expected. = a0}
b=
£
Ho20F
0 1 | 1

0 10 20 30
Current (mA)
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I1l. Historical Development

Several patterns St (ICE}S( " )1/'

were presented " S~__________-=-
during the last
decades:

e Sinusoidal n =
e Stepfunction A(l - ﬂi):}fz

 Heavyside
e Sawtooth {1' EEI}'A
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I1l. Historical Development

— gy,
- o~
= —
-

Ve

-90 -90 -30 30 &0 o0 30 -30 .‘iﬁEE

PERIOD SEQUENCE ?ﬁ!ﬂﬁ B {
degres) e J -90 =90 =30 30 S0 90 30 -30 |,.433
~ /]
2 -60 &0 500 ~ -
Several patterns % % 5 Se~e e __=-T
i ' 8 S—
were presented — -
3 =30 30 3 ; . —
1 - . . 60 52x160
during the last % W i ‘ / x
l'
decades: 4 80 0 80 0 500 et / 1.71 60x120
=60 =60 &0 &0 500 v badd / 1.45 50x 58
-70 =70 60 60 421 ¢ b / 1.38 | 70x %
/4:
. . . _ . (L] 0.72 60x &0
* Sinusoidal AEEEEE o Iy HEE
 Stepfunction //
H =90 -%0 0 60 &0 O .500 ety 0.84 65x 54
* HeavySIde ® 1% om0 o 447 7 0.96 | 70 50
-50 <%0 0O 9 %0 0 333 *e 1.13 60x 50
e Sawtooth
7| -90-30 0 40 0 40 0 .553 s 1.1 45x 26
8 | -90 -90 =30 30 60 &0 30 -30 | .558 || =~ 0.62 62x 30
-90 -90 =30 30 90 90 30 -30 | .433 || ** 0.81 Tox 32
|

FIGURE 1 Array of basic phase sequences with excitation and performance data,
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I1l. Historical Development

Table 3

Several patterns Main parameters for final HSC linac design.

were presented

during the last RF) LBP+ DTs

decades:
Charge Lo mass ratio (gq/A) 612 (C"")

: . Operation Iregquency (MHz) 100

. Smusmdal. Total kength (mam) 1800

e Stepfunction Power (KW [MWS) 91.98

 Heavyside 0 value [ MWS) 14577

* Sawtooth ERT length {mm) 150
Maximaim field (Kipat,) 1.8
Miimber of cells 41 I I |
Synchrotron phase 90 » 30 ,: 0, 60, 30, 310 30 T

e e .
_— -
_—em o o o o == -
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I1l. Historical Development

----- g)hus. measured from peak of rf wave
»— Focusing Period 1

—=— FOCUSINg Fanod J
o~ Focusing Period 4

—o— Focusing Period 5

100 | —=— Focusing Period & :

Several patterns =30
were presented e ER F Nt I |% ]
. o H M| ' : !

I\ i & {1 : P

durmg the last 3 T G - L hd i . H .......... 3 L - .Lﬁ
decades: 3 | ) B O O R
¥ | (1 b |

g i { ! 1- | | ) J :
. . £ 5 B O ! I

* Sinusoidal $§ oll.l. il & d L4 e
« Stepfunction 2 | \ il BF V4 Y4 4
: g PAN AR i | o i 4 \
* Heavyside ! BEOE Y Y | \
£ - | e b A '-' y 2 {
e Sawtooth @ -50 .!* ......... T SO ; ..................
< Oy A 2 } W :
= } ol | | i [
FO O o ! 4

x : " Garaschenko Sequence

7L N, YR (T R, .||

0 10 20 30 40 50

Gap
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I1l. Historical Development

100

! | -IE : P
Several patterns At |'I ' ﬂ‘ i
were presented : T ;
during the last ! bl

decades: !

phis Ccleg)
=

Sinusoidal ' ,l : T
Stepfunction : l / il | _
HeaVySIde -50 _f-:----# -- I___I----.---- ---_:___.---- e
Sawtooth g ” L *-H*'Ii :;T :

-r1m llll.i-lll;lIIl;|I.|-idlllilllll.|-|-idlll

cell #

Fig. 3. The NIRS APF sequence. [Courtesy of
NIRS.)
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I1l. Historical Development

Several patterns -
50 .
were presented -
L]
during the last ) . .
decades: 3t e ° . .
sl 1]
. . E B . L] .
* Sinusoidal . .
* Stepfunction . ‘ .
-

 Heavyside -50
« Sawtooth i

i " | | " | ]

0 5 10 15 20

Cell No.
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I1l. Historical Development

Several patterns kick (arb. units) E, oc R{e2™5/ A}

were presented ' -

during the last Ap

decades: Ty

 Sinusoidal 3;-‘*

e Stepfunction . _ 9

* Heavyside A.E-’Ef-‘..l*_'-_-‘l'_ﬂ-llﬂﬂ Ap.

« Sawtooth E # .
Long. foc. 'rans. foc

J¢ 5 —|
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I1l. Historical Development

—20

Several patterns o5 90 —— phase
were presented % === energy g ?
during the last =~ 45 600 =
decades: v ;;

=0 <)
* Sinusoidal cL _
e Stepfunction . 45 _E
* Heavyside = 400 =
* Sawtooth E;.'*‘}“
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