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The Lorentz Force Equation

For a particle of charge q and velocity v in an electric field E and a magnetic
field B, the Lorentz force is given by:

ﬁ=q(§+ﬁx§)

3 ﬁE = qF? Is the electric field force: this force has the same direction of the

electric field.
The electric field can be used to vary the energy of a charged particle beam.

= F, = q¥ x B is the magnetic field force: this force is always perpendicular to

the particles’ trajectory.
The magnetic field can be used to bend the trajectory of a charged particle

beam.
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Group Velocity and Phase Velocity!!!

There are no truly monochromatic waves in nature. A real wave exists in the
form of a wave group, which consists of a superposition of waves of different
frequencies and wave numbers. If the spread in the phase velocities of the
individual waves is small, the envelope of the wave pattern will tend to mantain
its shape as it will moves with a velocity that is called group velocity.

The simplest case of a wave group, consists of two equal-amplitude waves,
propagating in the +z direction, with frequencies w; and w,, and wave
numebers k; and k,:

(w1 — wy)t — (ky — ky)z

ej[(w1+w2)t—(k1+k2)z]/2
2

V(z,t) = ef(@it=F12)  oj(@2t=k22) = o5

The exponential factor describes a traveling wave with the mean frequency and
mean wave number,.

The first factor represents a slowly varying modulation of the wave amplitude.
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Group Velocity and Phase Velocity

The phase velocities of component wave are w,/k; and w,/k,, and the mean

phase velocity is:
w1 + O )) w

Vy = ———— =
Poki+k, k
The group velocity is defined as the velocity of the amplitude-modulation
envelope: Wi —w, 0w
Vg=—""—>—
b ky—k, ok

The phase velocity at any point on the curve
is the slope of the line from the origin to that
point. The group velocity is the slope of the
dispersion curve at that point.

For the uniform waveguide v,v, = c*, where
vy < candwv, > c.

Dispersion curve for uniform
waveguide, w? = w? + (k,c)?
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Energy Velocity

The energy velocity is defined as the velocity of electromagnetic energy flow.

For a traveling wave moving in the +z direction the energy velocity is given by:
P,

Vg = —

E U,

where P, is the wave power, the electromagnetic energy per unit time crossing
a transverse plane at fixed z, and U, is the stored electromagnetic energy per
unit length.

Suggestion:

In practical cases, the energy velocity is equal to the group velocity. The
previous forumla can be used for post-processing the results of high frequency
simulations (i.e. HFSS, Microwave Studio) to evaluate the group velocity (i.e.
the filling time) of accelerating cavities.
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RF Parameters for a Resonant Cavity
Stored Energy and Quality Factor

The total energy stored in a cavity is the sum of the electric field energy and
the magnetic field energy.

W= jﬂ |E| dv + M |H| dv

cavlty camty

Y

Electric field energy Magnetic field energy

The quality factor Q is defined as:
_ woW

Fﬁoss

Here w, denotes the eigenfrequency and W the stored energy. P, is the
power lost into the cavity walls (or any other loss mechanism). It is clear
that the larger the Q, the smaller will become the power necessary to
compensate for cavity losses.
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RF Parameters for a Resonant Cavity
Accelerating Voltage and Transit Time factor

The accelerating voltage is defined as:

.
Viee = f E(z)e’P"dz

The exponential accounts for the movement of the particle with speed Bc
through the cavity while the fields continue to oscillate.

In the definition of the accelerating voltage we already accounted for the
finite speed of the particles through the cavity. It thus includes already the
so-called transit-time factor, which describes this effect alone. The transit-

time factor T is defined as:
[ Vaeel

L E@)dz




04th - 16th August, 2014 39th International Nathiagali Summer College

RF Parameters for a Resonant Cavity
Shunt Impedance & R/Q

The shunt impedance is a figure of merit that measures the effectiveness of
producing an axial voltage for a given power dissipation.

R = |Vacc|2 . |VOT|2 M_'Q]
PdL PdL m

(effective shunt impedance per unit length)

The quantity R-upon-Q is defined as:

R |Vacel?

Q woW

The R/Q quantifies how effectively the cavity converts stored energy into
acceleration. The R/Q is uniquely determined by the geometry of the cavity.
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Periodic Accelerating Structures

In a lossless uniform waveguide with azimuthal symmetry, the axial electric field
for the lowest transverse-magnetic mode, the TM,, mode is:

E,(r,z,t) = EJy(Kr)el (@t—koz)

The previous formula describes a wave propagating in the +z direction, with
wavenumber k, = 2m/A, where A, is the guide wavelength. The uniform

waveguide dispersion relation is given by:
w? = w? + (koc)? = (Kc)? + (kyc)?

where K is the cutoff wavenumber for the TM,, mode. The phase velocity can
be then expressed as
W C

- ko - \/1 — (Kc)?/w?

> C

Up

Since the phase velocity is always larger than c, a uniform waveguide
cannot be used for synchronous-particle acceleration.
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Periodic Accelerating Structures
Floguet Theorem and Space Harmonic

= There are intervals of w where the

constant is real with magnitude less
than 1. For these regions the
modes are evanescent (i.e.
stopband).

There are also passbands in which
waves will propagate. In the loss-
free case the complex constant is
e/*od which physically represent a
cell-to cell phase shift ky,d of the
field.

“In a given mode of an infinite periodic structure, the fields at two different cross
sections that are separated by one period differ only by a constant factor, which
in general is a complex number”.

The periodic iris-loaded structure

TTTT
S B S -

A
v
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Periodic Accelerating Structures
Floguet Theorem and Space Harmonic

The Floquet theorem in a passband is expressed as:

E(r,z+d) = E(r, z)et/*d

Since E(r,z) is periodic, it can be expressed in a Fourier series. So, the
solution for the propagating wave can be expressed as:

W\ 2 :
((:) - kﬁ) ] e/
where k,, = ko + 2nn/d.

The previous equation represents the sum of an infinite number of traveling
waves (i.e. space harmonics) denoted by the index n.

The space harmonics have the same frequency but different
wavenumbers.

oo

E(r zt) = z E.],

n=—oo




04th - 16th August, 2014 39th International Nathiagali Summer College

Periodic Accelerating Structures

Floguet Theorem and Space Harmonic

The phase velocity for the nth space harmonic is:

w . vp,o
k, 1+ 2nn/kyd)

vp’n -

By choosing n sufficiently large, one can obtain an arbitrarly low phase
velocity.

The introduction of periodicity led not only to the generation of space
harmonics, but also modified the phase velocity of the foundamental wave
vp0 = w/ky. Physically, this can be attributed to the addition of reflections

from the period elements to the principle wave.
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Periodic Accelerating Structures

A single cavity such as a pillbox cavity has an b'
infinite number of resonant modes (i.e. cavity

modes) named transverse-electric (TE,,;) and
transverse-magnetic (TM,;,,) modes. —

d
LINAC disk-loaded

For any system of coupled oscillators, there exists a family of so called normal-
modes, each mode behaving like an independent harmonic oscillator with its
own characteristic resonant frequency.

In general, when any normal mode is

Free Oscillator Coupled Oscillator

l i i u i excited by a suitable driving force at
A the right frequency, each of the

Modes of Coupled Oscltors individual oscillators participates in the

X meiexn et motion, and each oscillates at the

/ / / MA \M same frequency with a characteristic
¢ @@

phase difference from one oscillator to
the next.
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Traveling-wave Linac Structures
Selection of operating model?]

The efficiency of the structure as an accelerator of electrons is measured by the
shunt impedance per unit length.

An approximate equation for the shunt impedance per unit length is:
. 2
o oeq B\ A-m?  (sinD/
B § )n+2.61B,(1—n) D/2
where:

= [, IS the phase velocity in the structure divided by c
= § is the skin depth

= tis the disk thickness

= d is the periodo of the structure

= nisequaltot/d

= nisequal to A/d, the number of disks per wavelength
= Disequalto 2r/A)(d —t)
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Traveling-wave Linac Structures

Selection of operating mode

The previous equation gives too high value of R for two reasons:

= The conductivity of the copper walls is never as high as the idealized value
used in calculating the numerical constant.

» The effect of the disk apertures is not taken into account.

Neverthless the relative variation of R with the spacing and the thickness
of the disks was confirmed by experimental measurements.

a. The shunt impedance of the individual cavities
IS improved by increasing the disk spacing.

b. The fraction of the length available for
accelerating fields to act on the electrons is
increased as the number of disks per
wavelength is decreased.

S g c. As the disk spacing is decreased, the electron
B,:10 )

—— transit time is decreased correspondingly, and
the ‘effective’ field strength acting on the

|
3

- electron is increased.
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Traveling-wave Linac Structures

Selection of operating mode

to IMEMHMVMETERJ
o [ -

For negligible disk thickness (t = 0), the optimum number of disks per
wavelength is approximately 3.5.

For a disk thickness of about 3 mm (i.e. 0.12 inch) the best value is about
n = 3.

The value of n = 3 is typically adopted in travelling wave accelerating
structures and corresponds to a phase shift of 2m/3 radians per
cavity.
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Periodic Accelerating Structures
Energy flow in traveling wave linaclS!
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Periodic Accelerating Structures
Energy flow in traveling wave linac

Venergy = Vg

From the definition of Q

d P, wP; Do P dE, g
—_— e ——= =/ ; = —
dz v, Q ‘ dz @
where the attenuation length is defined as:
W
a =
2040
then:
t
Ea = RSh E = ZaRshPt
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Periodic Accelerating Structures
Constant-impedancel?]

RF—in=pP,

RF—out=P,
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E
i
g
i
i
4
! o
i
i
i
B
i o
|
i
i
i
i
lil
i
i
|
i
i
i
L
J
NOY

A structure with constant structure parameters along its length
In such a case we have:
E,(2) = Ege™ ™ ; P,(z) = Pye 2%
For a structure of length L the attenuation parameter is:
_ wl
B 2040

T=alL

Transmitted power and accelerating gradient decrease
exponentially along the structure.
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Periodic Accelerating Structures
Constant-gradient

___________ AL et T
| 1]

In the region of the aperture:
E.xr ; HpXrT

The power flowing through the structure is:

a
Pt=J(E><H)rdroca4 = vgoca4
0

Small variations in a lead to large variations in v, and P,
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Periodic Accelerating Structures
Constant-gradient

Py
—| = 2aR, P,

EC% = RSh dZ

It is possible to make E, constant by varying P, as a™ 1.

Since R, varies weakly with the iris size, then:

dP,

E=const =  Pi(z) =Py — (Py—P,)(z/L)

We get:

P.(z)

P, 1-(z/L)(1 —e™*)
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Periodic Accelerating Structures
Constant-gradient

dP; P,
— | =——(1 = —-2T
dz L ( e™™)
Considering that:
dP,  wP D aP
dz v,0Q - et
So:
. wP wLP;
RN TNCETED
dz
V4 _
) wL(1 —7(1-e 2f)>
YT a-e™

To get a constant gradient along the accelerating structure is necessary
to reduce the group velocity along z = make the irises smaller



04th - 16th August, 2014 39th International Nathiagali Summer College

Periodic Accelerating Structures
Cl vs CG structures!?]

Constant-impedance structures

= Uniform dimension of the accelerating cells.

= Exponential decay of the power and field strength with axial distance form
the input end.

» The ratio of maximum-to-average axial electric field is given by:
Ee¢, 71
Vo/l 1—e7T
where 7 is the RF attenuation parameter equal to T = wt/2Q.

Constant-gradient structures

= Non-Uniform dimension of the accelerating cells
= Axial fields remain constant over the enitre length.
» The ratio of maximum-to-average axial electric field is equal to 1.
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Periodic Accelerating Structures
Cl vs CG structures

1.6 CONSTANT - IMPEDANCE
STRUCTURE

CONSTANT = GRADIENT

| /-smucruaz

- —

o. GL 1 L 1 I 1 1 1 1 1 L f
o 02 04 06 08 10 1.2

T = wig/20 wr-ea
Ratios of maximum-to-average axial electric
field strengths in constant-impedance and
constant-gradient accelerator structures
Verus t

T
1.0 CONSTANT- IMPEDANCE (Ez -E, .'T'/‘)
0.9f i
0.8} i
07 K -
o8~ CONSTANT-GRADIENT (E, : CONSTANT) ~

oS- 7:057 .
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] 0. 0.2 0.3 04 0.5 0.6 o7 o8B 09 1o

207108

e
Axial field strength versus z/1 for equal electron energy
gain in constant-gradient and constant-impedance sections

The constant-gradient structure can produce higher electron energies
than an optimized constant-impedance structure when both are operating
at the breakdown limit of electro-magnetic field strength.
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Periodic Accelerating Structures
Cl vs CG structures

Advantages over the constant-impedance
structure:

= The power dissipated per unit length in the

constant-gradient accelerator is constant over
the entire length of the structure. In contrast,
the ratio of power loss at the input end to that
at the output end of a constant-impedance
structure may be as high as 12 to 1.

The constant-gradient structure gives a
slightly higher no-load beam energy than the
constant-impedance structure. Also, the
constant-gradient  structure has greater
relative energy advantage in the loaded case
than in the unloaded case.

......

r-wr,./zo

Ratio of power losses at input and

output ends versus t for Cl and CG
structures

Y inen”
el

T u.n,/zo 0712

Unloaded beam energy versus t for
Cl and CG structures
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Periodic Accelerating Structures
Cl vs CG structures

Advantages over the constant-impedance
structure:

The constant-gradient structure has a higher
maximum conversion efficiency (ratio of
maximum electron beam power to input RF
power) than the  constant-impedance
structure.

The constant-gradient accelerator is less
frequency-sensitive  than the constant-
Impedance accelerator.

Ratio of power losses at input and
output ends versus t for Cl and CG
structures

Disadvantages over the constant-impedance structure:

The nonuniform modular dimensions made the cavities in the constant-
gradient structure more expensive to fabricate and to test.



04th - 16th August, 2014 39th International Nathiagali Summer College

Periodic Accelerating Structures
Empirical Design

The disk-loaded waveguide is not the only slow-wave <

structure capable of accelerating electrons. In fact, other m
structures may yeld shunt impedance about twice that of >~ -~ .
the disk-loaded waveguide.

But where a large improvement in the shunt impedance
can be obtained, the resulting v, can be 10 times as high

as desired.
Pros

= High Shunt Impedance

Cons
= High group velocity

» Recirculation or extreme lengths between feeds
required

Disk-loaded waveguide are generally preferred
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Periodic Accelerating Structures

Empirical Design

For the disk-loaded waveguide an improvement of the Shunt Impedance can
be gained by adopting the 27 /3 mode.

For standard accelerating sections (i.e. we refer to electron linac), the target
IS to obtain a phase velocity equal to the velocity of light c. Thus, specifyng
the operating mode and the frequency (or equivalently the free-space
wavelength) the distance between the center lines d is fixed as follow:

W
Vv, =—=°¢C
p kO
considering that _
kod = & ¢, is the phase
0% — ¥0 advance  per
So we get: cell
C
- ®o
Wy
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Periodic Accelerating Structures
Empirical Design with Superfish

Once ¢, (i.e. the phase advance per

A
cell) and thus the cell length d is fixed,
4 dimensions remain to be specified: =\t
= 2b, the outer cell radius
y \TJ N
= 2a, the beam iris aperture ] al .

t, the disk thickness
p, the radius of curvature

The optimal geometric parameters can be at first evaluated using
Supefish.
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Periodic Accelerating Structures
Empirical Design with Superfish

= Simulating more than 1 cell, we will
be able to get the different normal-
modes, each one characterized by its
own phase advance (see Slide n.14).

» |n case of half-cell termination (i.e. the
simulated geometry is closed with
half-cells and a perfect electric
conductor boundary condition), the
phase advance per cell is given by:

_(m—-Dm
-~ N-1

with m=1..N

Pm

Using Superfish, to get the 2m/3 mode we shall simulate a geometry made
by 4 accelerating cells.
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Periodic Accelerating Structures
Empirical Design with Superfish
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Periodic Accelerating Structures
Empirical Design with Superfish
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Periodic Accelerating Structures
Empirical Design with Superfish
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THE FERMI LINAC BTW
ACCELERATING STRUCTURES
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BTW accelerating structures

S-type structures are Backward Traveling Wave (BTW) structures comprised of
162 nose cone cavities coupled magnetically.

Type
Mode
Frequency
Length

1

Ry

Filling time

Const. gradient, mag. coupled
31r/4

2938.01
b.1a
1ooa
N-13
0.747

MHz

MOhm/m
S
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BTW accelerating structures
Electrical Behaviour

Past operation of the BTW accelerating
structures showed that such structures
suffered heavy breakdown phenomena
when pushed to high gradient (no phase
modulation implemented).

Single cell simulation shows that surface
electric field on the magnetic coupling slot
becomes of the same magnitude and even
higher than the surface electric peak field
on the nose.
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BTW accelerating structures
Thermo-mechanical Behaviour

RF pulse-heating phenomena

Steady-state thermal profile and mechanical

deformation

|nnn|uu||||||||I|I||l|||k|\l('&m&‘\\

. |l “" I
|l ||||"||"|"
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New accelerating structures
RF plant configuration

The module will be comprised of two 3-m long accelerating structures

Acc. module length 6 m
| I Kly. pulse duration 4000 ns
Qo 190000
Qext 19000
a 10 mm
= Optimal RF parameters Qy 14900
have been evaluated to |_ R 217 MO/m
. Sh .
benefit .from pulse Filling Time 672 ns
compression.
vgl/c 1.49 %

= “Modified Poynting vector”

on cell’s surface has been Il_ Sc max = 0.7 W/um? For 40 m long
evaluated for a 25 MV/m B H linac it will be 8e-

accelerating gradient. 14 bpp.
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LiTrackl4

= LiTrack is a Matlab code with additional features, such as graphical user
interface, prompt output plotting, and functional call within a script.

= |t is a macro-particle tracking program, that follows longitudinal position z
(bunch head at z < 0) and relative energy deviation § = AE/E, (where E, is
reference energy) of the particles. It can be used to track ultra-relativistic
beams, where space charge can be ignored, through linacs and transport
lines, where initial conditions and the beamline elements determine the final
phase space.

=[E] < ])
|LiTrack (ongucina Prase Spece Trackig) _BLZ;'L“ZZ?Q"':T List of function-codes and their parameters
e e '“""";’;;‘m% | descrip. | code 1 o 3 Da s
dE/E-ofiset (%) 0 | arabolic mark 1
] ol | e dump 2
§3 %Egﬁigf‘f““mé o M compr. 6 Rse Ts566 | Lo | Usess
e Il i chicane | 7 Rss | FEqo
HF linac 10 | Efinar | & | A | dwake | L
FEL_Linac_6GeV_a375_vi ~ linac 11 VD @ A iw&ke L
i | rw-wake | 15 r L o, T 1/0
ISR 22 TS
FE-cuts 26 Omin | Omaz
z-cuts 36 Zmin | Zmaz
STOP 99
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BTW accelerating structures
Longitudinal wakefields effect

LiTrack (Longitudinal Phase Space Tracking) [ Initial Bunch Parameters-—
Bunch popul. (1E10): 0.4992
Initial energy (GeV): 0.097
z-offset (mm): 0 Internal Particles.

Bunch & Linac Parameters
Bunch Charge 800 pC

=}

dE/E-offset (%):| 0 Di ion | P ic |

rms sigZ0 (mm): 09 |
| rms sigE/E (%):| 0.2 |

=l

olo

Number ufz—bins:]' 100 3 . : |
CoLiTrack/Wakefiles N sim. particles: 100000

o
N

BRSNS NN ]

Ci

25 MV/m

Acc. Gradient

[Tracking finished |

@®
o
@
@®
®
® 3 2. FEL_Linac_a375.dat - Asvmmetrv:[
rms o. 0.9 mm ° : 2 Siack dat E =
Zg & - s 4. TESLAlwake_Zago_130
5. TESLAlwake_Zago_390
® 9 6 Zwake_CERN_Trieste_!
o @ 0 7( Zwake HG Trieate :r:u 22
rms oz /E 0.2 %o . s :
= 2 Save/Restore Files.
@® - 9 CoLiTrack/SaveFiles
& ° = 9 FEL_Linac_6GeV_a375_vi ~
BC 1 com p ression = = 2 FEL Linac 6GoV 375 vio
~1 0 ® = 0 Plotting Control
factor ° = 0 > Small Plots
S = o Gaussian Z-fit
) Gaussian dE/E-fit
- i S [¥] Color contour image
Linac3 & Linac4 . 0 e s | 2 e
® = 0 -
@® - 0
@ - 0
@ - 0

(Ey=1.448 GeV, N =0.499x10'"

03
02
§ 0.1
D
X
5 0
-0.1
0.2 " " " " ..
0 1 2 3 4 5
n/0’° = e
Source: parabolic g=87.544 pm (fwhm=6.144)
0 1 I =2.186 kA
2 vk
) ]
E - {15
P | =
&
0.5
3 ]
-0.1 -0.05 0 0.05 0.1 0.15 i -0.1 -0.05 0 0.05 0.1 0.15
z /mm z /mm

(‘%I-JII\:UG-?.OM 12:19:20
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BTW accelerating structures
Longitudinal W§I§efields effect

LiTrack (Longitudinal Phase Space Tracking) —lnitial Bunch Parameters—
| Bunch popul. (1E10): 04992
{beamline legend) Initial energy (GeV): 0.097 l
0 z-offset (mm): 0 Internal Particles.
7 dE/E-offset (%):| 0 Distribution  Parabolic
0 rms sigZ0 (mm): | 09 |
6 [ y —
12 Number ofz—bins:] 100 TS ESE/E (61| 0.2
CiLiTrackWakefies. N sim. particles: 100000 |
2. FEL_Linac_a375.dat  ~ Asymmetry:| 0 |
3. SlacL dat = _—
4. TESLAlwake_Zago_130'""
5. TESLAlwake_Zago_390
6. Zwake_CERN_Trieste_*
7 Zwake HG Triecta Amu T
< v

(ehosss fis index for WKEON SolmA]

Save/Restore Files.

e en To get a Bunch Current
of about 800 A, with an

©) Gaussian Z-fit
© G ian dE/E-fit

| = Energy Spread of 0.2 %,

Comment:

— — it is necessary to put off-

Tacing s - EE= crest some accelerating
(E)=1.348 GeV, N/=0.499x10"" Structures In the Iast part

@®
e
@
@
@®
®
o)
@
@
@
@
@
@
@
@
@
@
@
®
@
@
@
®
@
@

4‘4(4:44(4‘44444(444144(‘1441

olo|lo|lojo|o|e|olo|e|v|v|v]|v|vloc|o|n|ofe

/(E)=0.104% (fwhm=0.020)

0.6
04 04 .
el . of the Linac.
B
0.2 0.2
o The energy loss could
0 5 "1,11303 15 20 -0.1 -0.05 0 z/mn:?.OS 0.1 0.15
Source: parabolic al=87.546 pm (fwhm=9.173) b e u p to 130 M eV "
0 2 l;k=2'135 kA
= -1
f"é 2
-3
-0.1 -0.05 0 0.05 0.1 0.15 G0 -0.05 0 0.05 0.1 0.15
z /mm z /mm

8 Kue-2014 12:16:56
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New accelerating structures
wakefields effect

Longitudina

39th International Nathiagali Summer College

Ji

Bunch & Linac Parameters

=}

~

Bunch Charge 800 pC

olo

e
N

rms o, 0.9 mm

rms oz /E 0.2 %

dE/E-offset (%): 0

Internal Particles———
Distribution | Parabolic |

rms sigZ0 (mm): | 09

Number of z-bins: 100 |
CiLiTrack/Wakefiles

. FEL_Linac_a375. dat -~
- SlacL dat E]

_ TESLAlwake_Zago_390
. Zwake_CERN_Trieste_t
Zwake HG Trieate Amu
pe—— v

2
3
4. TESLAlwake_Zago_130
5
6
7
<

rms siaE/E (%) |
N sim. particle:

Save/Restore Files———
CiLiTrack/SsveFiles

BC1 compression

~10

factor

Linac3 & Linac4

FERMI_Iinac.mat -~

Plotting Control
@ Small Plots

@ Gaussian Z-it

®© G ian dE/E-fit

[¥] Color contour image

[0.05 | Particle fraction to

FERMI_I 800 |
(double click to load file)
[FERMI_linac_Sban¢  [ISAVE]|
Comment:

25 MV/m

Acc. Gradient

eeoeePPOOROOOOOEOOOEOEOOEROEOOOE®

CON I I S

olo|o|o|ele|ec|o|olo|~|~|~|N|N]o|N]|a|o|o

L
[amme]

[Fraching finished__

6 8 10 12
n/10°

Source: parabolic

.-
i
We can get the target e-beam -
energy with the required »
“flat” phase space 3

%I-J}\.UG-?.OH 122037

0 0.05 0.1 0.15
z /fmm

(E)-1.459 GeV, 7 =0.499x10""

AEKE) 1%

G=87.534 um (fwhm=9.179)

1/kA
-

I =1.971kA
vk

z fmm

-0.1 -0.05 0 0.05 0.1 0.15
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