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1 Introduction

The main aim of the TT2-TT10 optics measurement campaign in November 2006 was to investigate the
effect of the QKE58 suppression in the PS, in term of change inthe optics parameters in the TT2-TT10
line, for the LHC-type beam. The QKE58, consisting of a doublet of quadrupoles, was used in the past
for the extraction of electrons and anti-protons from the PS. In 2001 the hardware for the extraction of
electrons and antiprotons has been dismantled but these magnets are still used to reduce the dispersion
at the extraction septum SMH16 for all fast extracted beams.Recent measurements have shown that
there is sufficient horizontal aperture in the septum to suppress the use of this doublet [1]. The plan
is to remove it in the second half of 2007 run and recuperate the power converter for the Multi-Turn
Extraction.

In order to determine the effect of the QKE58 suppression on the initial Twiss and dispersion param-
eters of the line, two sets of measurements have been done on 10th November 2006, with the MESPS
beam (26 GeV proton LHC-type beam with low longitudinal emittance,1 − 4 bunches), first with
QKE58 on and then with QKE58 off. Table 1 summarizes the parameters for the MESPS beam, used
for measurements of dispersion, emittance and Twiss parameters.

In the following sections, the tools implemented and used for the data analysis will be described and
then the measurement results will be presented.

beam MESPS
Energy 26GeV
Intensity 1 1011ppb
εl 0.25eV s
ε∗x

∼= ε∗y (norm. rms) 1µm rad
# bunches 1 - 4
bunch rotation no
momentum spread 2.8 10−4

Table 1: MESPS beam parameters used for the measurements of 10th November’06

2 Dispersion measurements

The dispersion measurements have been done by recording thetransverse beam position at the pick-ups
in TT2-TT10 and in SPS (first turn) via thePasserelle, a tool which provides access to PS and SPS
equipments from Windows platform via Excel.

An Excel application developed by G. Arduini and D. Jacquet [2] has been used as a starting point
to compute the dispersion at the beginning of the line.

For QKE58 on and off:

• the beam momentum is varied (by changing the reference frequency sent from SPS to PS)

• the transverse positions at the pick-ups is recorded

• for each momentum, the relative offset(∆p/p) is computed from first turn measurements

• the dispersionDi at each BPM location is obtained by a linear fit applied to the beam displacement
as function of(∆p/p)

• a fit is applied to computeD0 andD0 at the beginning of TT2

The computation has been done by using the MAD-X optics model2006 and the OTR monitors
F16.MTV201, BTV1018, BTV1024, BTV1025 andBTV1026 have been added as additional con-
strains to the fit to get the dispersion at the beginning of theline.
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2.1 Fit algorithm to get the dispersion at the beginning of TT2

2.1.1 Fitting with α

In the original version of the Excel application, the fittingfunction to obtain the horizontal dispersion at
the beginning of the line is [2]:

Di = CiD̄0 + SiD̄′

0 + αD̃i (1)

whereCi andSi are the cos-like and sin-like function,̃Di is the dispersion forD0 = D′

0 = 0 at the
beginning of the line,α is a fit parameter introduced to take into account errors in the determination of
the momentum offset,̄D0 = D0/α andD̄′

0 = D′

0/α are the measured initial conditions divided by the
factorα. The function to be minimized with respect to(D̄0, D̄′

0, α) is:

χ2 =
N
∑

i=1

(

Di − (CiD̄0 + SiD̄′

0 + αD̃i)

σi

)2

(2)

leading to the system:




b c d
c f g
d g i









D̄0

D̄′

0

α



 =





a
e
h



 (3)

with:

a =
∑ CiDmeas,i

σ2
i

b =
∑ C2

i

σ2
i

c =
∑ CiSi

σ2
i

d =
∑ CiD̃i

σ2
i

e =
∑ SiDmeas,i

σ2
i

f =
∑ S2

i

σ2
i

g =
∑ SiD̃i

σ2
i

h =
∑ D̃iDmeas,i

σ2
i

i =
∑ D̃i

2

σ2
i

In this formulation, the measured dispersion is only on the right side of the linear system.

2.1.2 Fitting with β

The Excel application has been modified in order to take into account the possibility to have different
calibration errors for the different kind of monitors.

As a first step, Eq.1 can be written as:

βDmeas,i = CiD0 + SiD
′

0 + D̃i (4)

obtained by introducing the parameterβ = 1/α. The function to be minimized with respect to the initial
conditions(D0 , D′

0) andβ is now:

χ2 =
N
∑

i=1

(

βDmeas,i − (CiD0 + SiD
′

0 + D̃i)

σi

)2

(5)

and the system to be solved is:




bb cc dd
cc ff gg
dd gg ii









D0

D′

0

β



 =





aa
ee
hh



 (6)
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With:

aa = −
∑ CiD̃i

σ2
i

= −d bb =
∑ C2

i

σ2
i

= b

cc =
∑ CiSi

σ2
i

= c dd = −
∑ CiDmeas,i

σ2
i

= −a

ee = −
∑ SiD̃i

σ2
i

= −g ff =
∑ S2

i

σ2
i

= f

gg = −
∑ SiDmeas,i

σ2
i

= −e hh =
∑ D̃iDmeas,i

σ2
i

= h

ii =
∑ D2

meas,i

σ2
i

In this case, the terms which contain the measured dispersion Dmeas,i are also in the left side of the
system, thus errors in the measurements will change the matrix to be inverted as well.

2.1.3 Calibration factorsβk

Equation 4 is then extended to take into account different calibration factors for the different kind of
monitors. At thei-th point on the line, it becomes:

monitors
∑

k=TT2,...,SPS

βkδ(k − mi)Dmeas,i = CiD0 + SiD
′

0 + D̃i (7)

wheremi is the type of monitor installed in thei-th measured point on the line.
The system to be solved is:

M













D0

D′

0

βTT2

...
βSPS













=













aa
ee

hhTT2

...
hhSPS













(8)

with:

M =













bb cc ddTT2 ... ddSPS

cc ff ggTT2 ... ggSPS

ddTT2 ggTT2 iiTT2 0
... ... ...

ddSPS ggSPS 0 iiSPS













(9)

where the sums inddk, ggk, iik, hhk are extended over the measurements performed with the monitor
k = TT2, ..., SPS only:

ddk = −
N
∑

i=1

CiDmeas,i

σ2
i

δ(k − mi)

ggk = −
N
∑

i=1

SiDmeas,i

σ2
i

δ(k − mi)

hhk =
N
∑

i=1

D̃iDmeas,i

σ2
i

δ(k − mi)

iik =
N
∑

i=1

D2
meas,i

σ2
i

δ(k − mi)
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By solving the system, one gets the dispersionD0 and its derivativeD′

0 at the beginning of TT2 and
the calibration factorsβk for the different monitors. The statistical errors on thesequantities are given
by the diagonal term of the inverse ofM (Eq. 9):

δD0 =
√

M−1 (11)

δD′

0 =
√

M−1 (22)

δβk =
√

M−1 (kk)

The fitted dispersion at each point in the line is:

Dfit,i = CiD0 + SiD
′

0 + D̃i (10)

and has to be compared with the quantity(βkDmeas,i).
The errors in the horizontal fitted dispersion is:

δDfit,i =
√

C2
i (δD0)2 + S2

i (δD
′

0)
2 (11)

and the error in(βkDmeas,i) is:

δ(βkDmeas,i) = βkDmeas,i

√

(

σ2
i

Dmeas,i

)2

+

(

δβk

βk

)2

(12)

In the vertical plane the measured dispersions are multiplied by the calibration factorβk and the fit
is computed as in [2], considering the errorδ(βkDmeas,i) from Eq. 12. In doing this, it is assumed that
the monitor calibration errors are the same in the horizontal and vertical planes.

3 Optics measurements

To compute the beam emittance and the Twiss parameters at thebeginning of the TT2 line, the standard
approach of the 3–monitor method (see e.g. [3, 4]) is extended to more than 3 monitor profiles, using a
fitting procedure. We assume that:

• the transfer matrices between the monitors in the line are known as well as the transfer matrix from
the beginning of TT2 line to the first profile monitor

• the dispersion at the monitor location and the momentum spread are known

• there is no coupling

As input we need the theoretical beta functions, alphas and phase advance at the monitor location:
βi,x(y), αi,x(y), µi,x(y), the dispersion at the monitor location:Di,x(y) and the r.m.s. momentum spread:
(dp/p).

From the theoretical Twiss parameters we can compute the cos- and sine–like functions [5] from the
reference points = s0 (e.g. the beginning of the line) to the i-th monitor at position s = si:

Ci ≡ C(si, s0) =

√

βi

β0

[cos(µi − µ0) + α0 sin(µi − µ0)] (13)

Si ≡ S(si, s0) =
√

βiβ0 sin(µi − µ0) (14)
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The r.m.s. beam size measured at the i-th monitor is:

σ2
meas,i = σ2

β,i + D2
i (dp/p)2 (15)

whereσβ,i is the r.m.s. betatron beam size and the second term is the contribution from the dispersion.

The betatron beam size can be written [5] in terms of the sin- and cos–like functions (Eq.13) and of
the Twiss parameters at the beginning of the line:

σ2
β,i ≡ εβi = ε(C2

i β0 − 2CiSiα0 + S2
i γ0) (16)

so by knowingσβ at 3 or more locations, it is possible to obtain emittance andTwiss parameters at the
reference point.

3.1 Standard 3–monitors method

In case of three monitors, the system1 is:







C2
1 −2C1S1 S2

1

C2
2 −2C2S2 S2

2

C2
3 −2C3S3 S2

3













εβ0

εα0

εγ0






=







σ2
β,1

σ2
β,2

σ2
β,3






(18)

and it has to be solved for(εβ0 , εα0 , εγ0). Using the relation:βγ −α2 = 1, the emittance is obtained
by:

ε =
√

(εβ0) (εγ0) − (εα0)2 (19)

and, from that, one can getβ0, α0, γ0 at the beginnning of TT2 line.

3.2 More than 3 monitors: fit procedure

In case of more than 3 monitors, again assumingDi and(dp/p) known, we can apply a least-square fit
procedure.

For every monitor (horizontal and vertical) it is:

σ2
β,i = σ2

meas,i − D2
i

(

dp

p

)2

(20)

We want to minimize the function:

χ2 =
monitors
∑

i=1

(

σ2
β,i − ε(C2

i β0 − 2CiSiα0 + S2
i γ0)

∆i

)2

(21)

with respect to(εβ0 , εα0 , εγ0), where∆i ≡ δ(σ2
β,i) is the error associated toσ2

β,i:

∆i = 2

√

δσ2
meas,i σ2

meas,i + δD2
i D2

i

(

dp

p

)4

+ D4
i δ

(

dp

p

)2 (
dp

p

)2

(22)

1Note that the matrix refers to the parameters at the beginning of the line. In order to have the parameters at the first
monitor, the matrix would be:







1 0 0

C2

2
−2C2S2 S2

2

C2

3
−2C3S3 S2

3













εβ0

εα0

εγ0






=







σ2

β,1

σ2

β,2

σ2

β,3






(17)
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After some mathematics, we get:

M





εβ0

εα0

εγ0



 =





a
e
h



 (23)

where:

M =





b c d
c f g
d g i



 (24)

and:
b =

∑

1
∆2

i

C4
i c = −

∑

1
∆2

i

2C3
i Si d =

∑

1
∆2

i

C2
i S

2
i

f =
∑

1
∆2

i

4C2
i S

2
i g = −∑ 1

∆2

i

2CiS
3
i i =

∑

1
∆2

i

S4
i

a =
∑

1
∆2

i

C2
i σ

2
β,i e = −

∑

1
∆2

i

2CiSiσ
2
β,i h =

∑

1
∆2

i

S2
i σ

2
β,i

(25)

The solution of the system, from which one can derive the beamparameters and the emittance
(Eq.19), is given by:





εβ0

εα0

εγ0



 = M−1





a
e
h



 (26)

3.2.1 Error estimate

The statistical errors associated to the fit parameters(εβ0 , εα0 , εγ0) are:

δ εβ0 =
√

M−1 (1,1) (27)

δ εα0 =
√

M−1 (2,2) (28)

δ εγ0 =
√

M−1 (3,3) (29)

Assuming thatε, β, α are not correlated, the error on the emittance can be deducedby applying the
standard techniques of error propagation to Eq.19:

(δε)2 =
(δ εβ0)

2 (εγ0)
2 + (δ εγ0)

2 (εβ0)
2 + 4(δ εα0)

2(εα0)
2

4ε2
(30)

And finally the errors on the measured Twiss parameters are:

(δβ0)
2 = β2

0

(

(δ εβ0)
2

(εβ0)2
+

(δε)2

ε2

)

(31)

(δα0)
2 = α2

0

(

(δ εα0)
2

(εα0)2
+

(δε)2

ε2

)

(32)

3.3 Blow-up due to Coulomb scattering at the screens

In case the profile measurements are all taken at the same time, with all the OTRs inside the beam, the
blow-up due to Coulomb scattering at the screens can be important and has to be taken into account in
the emittance and Twiss parameters computation.
The Coulomb-scattering effect on the particle distributionis obtained by the convolution of the beam
distribution function in the phase space with the beam-matter interaction probability function. Using
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the covariance matrix formalism [6], it can be demonstrated[6, 7] that the covariance matrix of the con-
voluted distributionΣ′

x is given by the sum of the initial beam covariance matrixΣx and the covariance
matrix of the scatteringΣC :

Σ
′

x = Σx + ΣC (33)

The same holds for the vertical plane.
The beam covariance matrixΣx before the monitor is:

Σx =

(

εβ −εα
−εα εγ

)

(34)

and, for a thin screen, assuming no modification in the position at the exit of the foil but only a change
in angle, the scattering covariance matrix is:

ΣC =

(

0 0
0 〈θ2〉

)

, (35)

where
√

〈θ2〉 is the r.m.s. scattering angle [8]:

√

〈θ2〉 = 2.557 χcc

√
t

Eβ2
rel

(36)

with
χ2

cc ≈ (0.39612 × 10−3)2Zs

ρ

W

[

GeV 2cm−1
]

(37)

The scattering angle depends on the energy of the incident protonsE (in GeV ), the screen thickness
t (in cm), and the other properties of the scattering material through the parameterχ2

cc, whereρ is the
material density,W =

∑N

i=1 niAi is the molecular weight andZs is defined as:

Zs =
N
∑

i=1

niZi(Zi + 1) (38)

beingni the number of moles of elementi in a mole of material andZi the atomic number.
In Table 3.3 are summarized the material and scattering angles for the OTR screens in TT2-TT10,

for protons at 26GeV.

3.3.1 Twiss parameter at the beginning of the line, scattering included

For a beam with covariance matrixΣx,0 at the beginning of the line (unknown):

Σx,0 =

(

εβ0 −εα0

−εα0 εγ0

)

, (39)

after transport in the line, the beam covariance matrix ats = L is:

Σx,L = ML Σx,0 M
T
L (40)

beingML the transport matrix.
The transport matrices from the beginning of the line to the monitor i and between the monitori and

j are respectively:

Mi =

(

Ci Si

C ′

i S ′

i

)

, Mij =

(

Cij Sij

C ′

ij S ′

ij

)

(41)
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monitor screen # material thickness
√

〈θ2〉
F16.MTV201 C 2 Carbon 100µm 1.095 10−5

F16.MTV201 Ti-12 3 Titanium 12µm 9.31 10−6

BTV1018 Al 1 Alumina 1mm 3.57 10−5

BTV1018 Ti-12 2 Titanium 12µm 9.31 10−6

BTV1018 M-25 3 Aluminized Mylar 25µm 4.57 10−6

BTV1024 Al 1 Alumina 1mm 3.57 10−5

BTV1024 Qu 2 Quartz 1mm 5.27 10−5

BTV1024 M-25 3 Aluminized Mylar 25µm 4.57 10−6

BTV1025 Al 1 Alumina 1mm 3.57 10−5

BTV1025 Ti-12 2 Titanium 12µm 9.31 10−6

BTV1025 M-25 3 Aluminized Mylar 25µm 4.57 10−6

BTV1026 Al 1 Alumina 1mm 3.57 10−5

BTV1026 Ti-8 2 Titanium 8µm 7.6 10−6

BTV1026 M-25 3 Aluminized Mylar 25µm 4.57 10−6

Table 2: OTR screens in TT2-TT10: materials and scattering angles

At the exit of the first monitor, the new beam matrix is:

Σx,1 = M1 Σx,0 M
T
1 + ΣC,1 (42)

whereΣC,1 is the scattering covariance matrix at the first screen.
After the second monitor:

Σx,2 = M12 Σx,1 M
T
12 + ΣC,2 (43)

= M2 Σx,0 M
T
2 + M12 ΣC,1 M

T
12 + ΣC,2

In general, at the exit of the i-th monitor, the beam matrix is:

Σx,i = Mi Σx,0 M
T
i + Σ

′

C,i (44)

whereΣ′

C,i is the contribution from the scattering at the preceeding screens and it is known:

Σ
′

C,i =
i−1
∑

k=1

(

Mki ΣC,k M
T
ki

)

+ ΣC,i (45)

We are interested at the element(11) of Σx,i. From the measurements we get the first element of the
beam covariance matrix:

Σx,i
(11) ≡ σ2

βi
= σ2

meas,i − D2
i (dp/p)2 (46)

The contribution from scattering is:

Σ
′

C,i

(11)
=

i−1
∑

k=1

S2
ki

〈

θ2
〉

k
(47)

and therefore:

σ2
βi

=
(

Mi Σx,0 M
T
i

)(11)
+ Σ

′

C,i

(11) (48)

= C2
i (εβ0) − 2CiSi(εα0) + S2

i (εγ0) + Σ
′

C,i

(11) (49)
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Again, by measuringσβi
at 3 monitor locations, it is possible to get(εβ0 , εα0 , εγ0) at the reference

point by solving the system:







C2
1 −2C1S1 S2

1

C2
2 −2C2S2 S2

2

C2
3 −2C3S3 S2

3













εβ0

εα0

εγ0






=









σ2
βi
− Σ

′

C,1
(11)

σ2
βi
− Σ

′

C,2
(11)

σ2
βi
− Σ

′

C,3
(11)









(50)

where:

Σ
′

C,1
(11)

= 0

Σ
′

C,2
(11)

= S2
12

〈

θ2
〉

1
(51)

Σ
′

C,3
(11)

= S2
13

〈

θ2
〉

1
+ S2

23

〈

θ2
〉

2

With respect to Eq.17, a new (known) term has appeared in the right side of the system, namely the
quantityΣ′

C,i
(11) has to be subtracted to theσ2

βi
.

3.3.2 Extension to more than 3 monitors

The extension to more than 3 screens is straightforward, since, in the same way as for the 3–monitors
method, if one replaces Eq. 20 by:

σ2
β,i = σ2

meas,i − D2
i

(

dp

p

)2

− Σ
′

C,i

(11) (52)

whereΣ
′

C,i
(11) is the contribution from the Coulomb scattering at the preceeding screens computed in

Eq. 47, the Equations 21 - 32 still apply.

4 Beam profiles at the BTV monitors

The 2D beam profiles have been recorded at the BTVs equipped with OTR screens in TT2-TT10
(F16.MTV201, BTV1018, BTV1024, BTV1025, BTV1026). The horizontal and vertical sizes
are calculated by applying a bi-Gaussian fit, using aχ2 minimization routine provided by Matlab. Be-
fore the fit is applied, a background image is removed, the beam is localized in the254x254 pixel image
and a tilted-elliptical window is selected for the fit. Moreover, since the screens are placed at45◦ with
respect to the beam and the CCD cameras have a finite focal length, the algorithm takes into account
and correct for the induced image distortion.

4.1 Correction for CCD camera optics distortion

Since the screens are placed at45◦ with respect to the beam and the CCD cameras have a finite focal
length, the the acquired images are distorted, as shown in Fig. 1.

Before starting the measurements is therefore necessary to calibrate the monitors. Figure 1(left) is
the image taken atBTV1025, without beam, using the Alumina screen, which has a grid of1cm× 1cm
pitch size. It is possible to see that the number of pixels percmNp, which is the same in the horizontal
and in the vertical planes, depends linearly on the verticalcoordinate. In particular, once the center
(x0, y0) of the image is found, it is:

Np = n + m(y − y0) [pixel/mm] (53)

wheren (the number of pixel per mm at the center of the image) andm (the linear coefficient) have to
be determined. Note that the horizontal coordinate of the centerx0 has to correspond to the position of
the grid line which is exactly vertical (indicated with an arrow in Fig. 1).
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Figure 1: Left: Distorted image taken at BTV.1025, Alumina screen, before correction. Right: the same
image after off-line correction.

The pixel sizeps has to be increased (decreased) according to the following equation:

ps =
1

Np

=
1

n + m(y − y0)
[mm] (54)

and the following calibration corrections have to be applied:

x∗ = ps(x − x0) =
x − x0

n + m(y − y0)
(55)

y∗ = ps(y − y0) =
y − y0

n + m(y − y0)
(56)

The pixel intensity as well depends on the vertical positionof the pixel itself (if the pixel area is enlarged
when applying the correction, its intensity has to be decreased proportionally, to keep the same density):

z∗ = z

(

n + m(y − y0)

n

)2

(57)

For each monitor, the calibration and the center of the image(x0, y0) have to be determined during
the calibration procedure.

4.2 Algorithm (momenta and fit)

A bi-Gaussian fit is applied to the images, by using the function:

fG(x, y) = A e
−S22(x − ux)

2 + S11(y − uy)
2 − 2 S12(x − ux)(y − uy)

2 det(S) + b (58)

where the fitting parameterA is the maximum intensity,b is the offset,(ux, uy) are the centroid coordi-
nates andS is the second order momenta matrix:

S =

(

〈XX〉 〈XY 〉
〈XY 〉 〈Y Y 〉

)

(59)
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and the beam sizes are:

σx =
√

〈XX〉 (60)

σy =
√

〈Y Y 〉 (61)

The minimum of theχ2:
χ2

fit =
∑

i

(zi − fG(xi, yi))
2 (62)

is found with the’fminsearch’ function from Matlab, which uses the simplex search method.
For every acquired image, after correcting for the CCD camera optics distortion, a background

image obtained by an average over 8-10 shots without the beamcan be subtracted, to remove systematic
errors and offsets. The first part of the job is to localize thebeam centroid and have a good first guess
on the beam sizes and tilt, and then the bi-Gaussian fit is performed over the points inside a selected
tilted-elliptical window.

To localize the beam centroid and have a good first guess on thebeam horizontal and vertical sizes
and correlation, which is needed for the Gaussian fit to converge, a quite elaborate algorithm has been
used.

1. First of all a smoothing is applied by using a moving average over 4x4 points, to remove eventual
spikes due to noise, and the points below a cut-off intensity(zcut = zMAX/6) are removed.

2. The first and second order momenta of the filtered distribution are computed.

3. The axis origin is shifted to the beam centroid estimated in Point 2

4. The filtered distribution is cut at2σ of the tilted ellipse estimated from the second order momenta
of Point 2 and the beam momenta are computed again

5. A first bi-Gaussian fit on the filtered distribution is performed using the momenta computed at
Point 4 as a first guess

6. The values obtained at Point 5 are used to select a tilted-elliptical window (of 5σ) and as the initial
guess to perform the fit on the raw data to get the actual beam sizes ad position.

4.3 1D-profiles at the SEM wires (and at the SEM grids) in TT2

In TT2 line, the SEM wiresMSG257, MSG267, MSG277 are used to record the horizontal and the
vertical profile of ‘small’ beams such as the MESPS or the LHC beam, while for ‘larger’ beams such
as AD, the 3 SEM gridsMSG258, MSG268, MSG278 are employed instead. The characteristics of
these monitors are listed in Table 3.

monitor # of channels channel horiz. spacingchannel vert. spacing
MSG257 46 0.5 mm 0.5 mm
MSG267 46 0.35 mm 0.5 mm
MSG277 46 0.5 mm 0.5 mm
MSG258 16 2.5 mm 2.5 mm
MSG268 16 2.5 mm 2.5 mm
MSG278 16 2.5 mm 2.5 mm

Table 3: SEM grids and SEM wires in TT2

A 1D-Gaussian fit is applied to the profiles measured at these monitors. For the case of the SEM
grids, since the size of the strips is not negligible with respect to the beam size and therefore the signal
is an integral over a part of a Gaussian distribution, a correction factor [9] is applied to take into account
the systematic error due to the strip sized = 2mm:

µσ =
σmeas − σbeam

σbeam

=

√

1 +
d

12σbeam

− 1 (63)

12



QKE58 ON

y = 1.1082x

R
2
 = 0.9897

-0.004

-0.002

0

0.002

0.004

0.006

-0.004 -0.002 0 0.002 0.004 0.006

(dp /p) Passerelle

(d
p

 /
p

) 
S

D
F

R
E

V
QKE58 OFF

y = 1.0752x

R
2
 = 0.9904

-0.004

-0.002

0

0.002

0.004

0.006

-0.004 -0.002 0 0.002 0.004 0.006

(dp /p) Passerelle

(d
p

 /
p

) 
S

D
F

R
E

V

Figure 2: Momentum offset estimated from the reference frequency variation vs. the one computed
within the application, for the cases with QKE58 on (left) and off (right). The standard error in the
determination of the coefficient is 0.05 in both cases.

5 Measurements with MESPS beam and effect of QKE58 suppression

Having described the tools implemented and used in the data analysis, we now present the results of the
measurement campaign in November ’06

5.1 Dispersion measurements

For the two configurations with QKE58 powered and off, the dispersion at the beginning of TT2 line
has been computed using thePasserelle and the tools described in Sec. 2, for an MESPS single bunch
of nominal intensity (1 1011ppb), without bunch rotation. The beam momentum has been varied, by
changing the reference frequency sent from the SPS to the PS,to cover a span of∼ 5 10−3 around its
nominal value and 5 energy steps have been taken into account. The beam transverse displacement in
both planes has ben recorded at the available monitors: 20 couplers in TT2-TT10, about 100 BPMs in
the SPS, 3 SEM wires in TT2 and 5 OTRs in TT2-TT10. For each momentum step, an average over 6
measurements has been taken.

The momentum offset(∆p/p)m has been computed from the first turn horizontal BPM signals inthe
SPS and compared with the one(∆p/p)ref , estimated from the reference frequency variation (SDFREV
signal) via:

(

∆p

p

)

ref

=
1

ηPS

∆fSDFREV
fSDFREV

, (64)

whereηPS is the PS slip factor at extraction (26GeV ):

ηPS =
1

γ2
− 1

γ2
tr, PS

≈ −0.025 (65)

Theγtr, PS is computed using MADX and it is slightly different between the case with QKE58 (γtr, PS =
6.0764) and without QKE58 (γtr, PS = 6.132). Figure 2 shows that there is a difference of∼ 10%
between the measured momentum offset and the reference one.The remaining discrepancy is due, on
one side, to the uncertainties in theγtr, PS and in theSDFREV signal and, on the other side, in the
error bars in the(∆p/p)m. In the following analysis, the momentum offset measured within the Excel
application is used.

The dispersion at each monitor is obtained from a linear fit ofthe beam displacement as a function
of momentum offset. Pick-ups which give a non realistic signal are taken out of the analysis. Finally, the
dispersion at the 3 SEM wires and at the 5 OTRs in TT2-TT10 is computed outside the Excel application
and the points are inserted in the fit algorithm to compute thedispersion at the beginning of the line.
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α–method βk–method
statistical

error
D0,x 2.914 2.892 0.014
D′

0,x 0.351 0.347 0.002
β = 1/α 1.135
βTT2 (βTT2/βSPS) 1.62 (1.88) 0.039
βSEM (βSEM/βSPS) 0.951 (1.10) 0.029
βTT10 (βTT10/βSPS) 1.159 (1.35) 0.012
βOTR (βOTR/βSPS) 0.917 (1.07) 0.030
βSPS (βSPS/βSPS) 0.859 (1.00) 0.013
D0,x SPS 2.689 2.710 0.034
D′

0,x SPS 0.329 0.332 0.004
β∗SPS = 1/α∗SPS 0.973 0.869 0.013
D0,y 0.066 0.062 0.002
D′

0,y −0.014 −0.015 0.001

Table 4: Dispersion results with QKE58 on, obtained by usingeither theα– or theβk–method, with
the statistical errors associated to theβk–method. Either all the pick-ups in the line and SPS, either
only the BPMs in the SPS are used for the fit (D0,x SPS , D′

0,x SPS , β∗SPS). The vertical dispersion
(D0,y , D′

0,x) is computed by using all the available pick-ups.

α–method βk–method
statistical

error
D0,x 3.939 3.913 0.013
D′

0,x 0.349 0.380 0.002
β = 1/α 1.344
βTT2 (βTT2/βSPS) 1.725 (1.96) 0.016
βSEM (βSEM/βSPS) 0.939 (1.07) 0.052
βTT10 (βTT10/βSPS) 1.065 (1.21) 0.007
βOTR (βOTR/βSPS) 0.786 (0.90) 0.035
βSPS (βSPS/βSPS) 0.877 (1.00) 0.011
D0,x SPS 2.88 3.15 0.03
D′

0,x SPS 0.258 0.316 0.004
β∗SPS = 1/α∗SPS 1.127 0.771 0.011
D0,y −0.072 0.084 0.002
D′

0,y 0.0074 −0.018 0.001

Table 5: Dispersion results with QKE58 off, obtained by using either theα– or theβk–method. Either
all the pick-ups in the line and SPS, either only the BPMs in theSPS are used for the fit.

To compute(D0, D
′

0) at the beginning of TT2, the method using the differentβk (Sec.2.1.3) has been
used and has been compared with the original method [2] withα as a fitting parameter, showing very
good agreement. Tables 4 and 5 present the results obtained for QKE58 on and off, by applying theα–
or theβk– methods. Only the statistical errors associated to the values computed with theβk–method
are reported, while the sensitivity of the pick-ups is not taken into account.

The suppression of QKE58 in the PS induces an increase of the horizontal dispersion at the beginning
of TT2, from∼ 2.9m to ∼ 3.9m, while in the vertical plane the dispersion stays almost zero in the two
cases, as expected.

By applying theβk–method, the calibration factors for the different kind of monitors are also ob-
tained. With respect to the SPS pick-ups calibration coefficient, there is a factor∼ 90% of difference
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in the calibration of the first 10 couplers in TT2-TT10 (βTT2) and a factor∼ 30% for the 10 couplers
in the second chassis (βTT10). Tables 4 and 5 show also the results obtained by fitting onlyon the point
in the SPS. With respect to the fitting on the pick-ups in wholeline, the dispersion at the beginning of
TT2 looks smaller, and this is valid both using theα– or theβ–method. This discrepancy, together with
the largeβks found for the TT2-TT10 pick-ups, has still to be understoodand a calibration campaign is
planned for 2007.

In the following, we will use the results obtained by using the βk–method and the fit over all the
TT2-TT10-SPS pick-ups.

Figures 3 and 5 show the horizontal dispersion at the pick-ups in the line and in the SPS1st turn,
respectively for the cases with QKE58 on and off. One can see an increase of the maximum value of
the dispersion in the TT2-TT10 line from∼ 4m to ∼ 9m if the QKE58 is switched off, together with a
large mismatch in the machine. Figures 4 and 6 shows the theoretical horizontal dispersion in the ring
and the measured points, respectively with the QKE58 on and off.

The blow-up after filamentation J in presence of dispersion mismatch, as defined in [10]:

J = 1 +
∆D2 + (∆D′β0 + ∆Dα0)

2

2εβ0

(

dp

p

)2

(66)

in the horizontal plane it is equal toJH,ON = 1.07 for QKE58 on, andJH,OFF = 2.08 for QKE58 off,
assuming a nominal LHC beam with normalized emittanceε∗ = 3 × µm rad anddp/p = 1.12 × 10−3.
∆D (and∆D′) are the difference between the measured and the theoretical dispersion (and derivative)
at a chosen point in the ring andβ0, α0 are the corresponding Twiss parameters for the closed machine.

The vertical dispersion in the line and in the SPS1st turn are plotted in Fig. 7 and 8. In the vertical
plane there are almost no changes for the cases with QKE58 on and off, since the values of dispersion
and its derivative at the beginning of the line stays almost zero. The computed blow-up factors are
JV,ON = 1.002 andJV,OFF = 1.005 respectively.

5.2 Profile measurements and Twiss parameters computation at the beginning of TT2

The 1D horizontal and vertical beam profiles have been recorded at the SEM wires in TT2 (MSG257,
MSG267, MSG277) and the 2D profiles at the BTVs, equipped with OTR screens, in TT2-TT10
(F16.MTV201, BTV1018, BTV1024, BTV1025, BTV1026). Many problems have been en-
countered to obtain good images at the BTVs in TT10, which havenot been used for matching mea-
surement since 2002. The CCD intensifiers have been replaced during summer 2006, because they had
a non linear behavior (Fig. 9), but in 2006 the electronics was not yet part of the new control system,
creating problems in the control of filters and especially ofthe acquisition timing. In 2007 the timing
problems will be solved since also TT10 monitors will be included in the new standard.

For the profile measurements, an MESPS beam with 4 bunches of nominal intensity has been used,
to increase the signal at the OTRs. The bunch rotation from thePS was switched off, in order to reduce
the momentum spread and therefore the dispersion contribution to the beam size.

The horizontal and vertical beam sizes were computed at eachmonitor by applying a Gaussian fit to
the beam profiles, as described in Sec. 4, and averaged over several measurements.

Tables 6 - 9 report the beam size measured at the screens, the dispersion which results from the
measurements and fit presented in Sec. 5.1 and the informations about the scattering at the OTRs. The
contribution of the dispersive part and of the scattering, both of them adding quadratically to the beta-
tronic beam sizeσβ,i (Eq. 52), are also evaluated. In the horizontal plane it is necessary to minimize as
much as possible the uncertainties on the determination of the momentum spread and of the dispersion
itself, in order to have sufficient precision in the determination of theσβ,i, since there are large values of
dispersion at the screens. In the vertical plane, dispersion is always small except atBTV1018, where it
contributes quadratically up to44% of the beam size.
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Figure 3: Measured and fitted horizontal dispersion in TT2-TT10 and in the SPS1st turn. QKE58 was
on.
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Figure 4: Measured horizontal dispersion at the SPS pick-ups (1st turn), compared with the theoretical
one. QKE58 was on.
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Figure 5: Measured and fitted horizontal dispersion in TT2-TT10 and in the SPS1st turn. QKE58 was
off.
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Figure 6: Measured horizontal dispersion at the SPS pick-ups (1st turn), compared with the theoretical
one. QKE58 was off.
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Monitor σi[mm] δσi[mm] Di[m] D2
i (dp/p)2/σ2

i screeni θi Σ
′

C,i
(11)/σ2

i

MTV201 1.659 0.018 0.756 1.6% Ti-12 9.31E-06 0.0%
MSG257 0.786 0.010 2.038 52.6% - - 5.8%
MSG267 0.861 0.010 0.604 3.9% - - 2.4%
MSG277 1.346 0.010 -1.334 7.7% - - 0.0%
BTV1018 1.437 0.016 -2.447 22.7% M-25 4.57E-06 3.1%
BTV1024 1.767 0.098 2.148 11.6% M-25 4.57E-06 3.4%
BTV1025 1.184 0.012 -0.562 1.8% M-25 4.57E-06 9.4%
BTV1026 1.339 0.010 -2.19124 21.0% M-25 4.57E-06 8.5%

Table 6: Horizontal beam size measured at the monitors (withthe error in its determination) and the
quadratic contribution to the beam size (in%) coming from the dispersive part and from the Coulomb
scattering at the OTR screens, as defined in Eq. 52 (QKE58 on)

Monitor σi[mm] δσi[mm] Di[m] D2
i (dp/p)2/σ2

i screeni θi Σ
′

C,i
(11)/σ2

i

MTV201 0.911 0.007 -0.044 0.0% Ti-12 9.31E-06 0.0%
MSG257 1.117 0.010 -0.745 3.5% - - 2.9%
MSG267 1.252 0.010 -0.582 1.7% - - 1.2%
MSG277 1.468 0.010 -0.087 0.0% - - 0.0%
BTV1018 2.170 0.020 -5.184 44.7% M-25 4.57E-06 1.4%
BTV1024 1.480 0.100 -0.310 0.3% M-25 4.57E-06 4.9%
BTV1025 1.690 0.018 -0.361 0.4% M-25 4.57E-06 4.6%
BTV1026 1.800 0.024 -0.27446 0.2% M-25 4.57E-06 4.7%

Table 7: Vertical beam size (with the error in its determination) and contribution from the dispersion
and the scattering at the screens (QKE58 on)

Monitor σi[mm] δσi[mm] Di[m] D2
i (dp/p)2/σ2

i screeni θi Σ
′

C,i
(11)/σ2

i

MTV201 2.037 0.015 -2.155 8.8% Ti-12 9.31E-06 0.0%
MSG257 0.750 0.002 2.315 74.8% - - 8.0%
MSG267 0.996 0.003 -0.905 6.5% - - 0.0%
MSG277 1.700 0.007 -3.369 30.8% - - 1.2%
BTV1018 1.850 0.023 -4.518 46.8% M-25 4.57E-06 0.7%
BTV1024 2.330 0.064 5.183 38.8% M-25 4.57E-06 0.3%
BTV1025 1.345 0.013 0.542 1.3% M-25 4.57E-06 7.5%
BTV1026 1.430 0.020 -2.58874 25.7% M-25 4.57E-06 10.8%

Table 8: Horizontal beam size (with the error in its determination) and contribution from the dispersion
and the scattering at the screens (QKE58 off)

Monitor σi[mm] δσi[mm] Di[m] D2
i (dp/p)2/σ2

i screeni θi Σ
′

C,i
(11)/σ2

i

MTV201 0.990 0.008 -0.041 0.0% Ti-12 9.31E-06 0.0%
MSG257 1.048 0.005 -0.660 3.1% - - 3.2%
MSG267 1.100 0.006 -0.517 1.7% - - 1.5%
MSG277 1.591 0.010 -0.080 0.0% - - 0.0%
BTV.1018 2.420 0.030 -5.073 34.5% M-25 4.57E-06 1.1%
BTV.1024 1.300 0.040 -0.411 0.8% M-25 4.57E-06 6.3%
BTV.1025 1.540 0.011 -0.448 0.7% M-25 4.57E-06 5.5%
BTV.1026 1.946 0.020 -0.28337 0.2% M-25 4.57E-06 4.0%

Table 9: Vertical beam size (with the error in its determination) and contribution from the dispersion
and the scattering at the screens (QKE58 off)
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Figure 9: BTV1025 images before (left) and after (right) the replacement of the CCD camera intensifier.
The beam characteristics and the size are similar.

QKE58 ON QKE58 OFF
HORIZONTAL with scattering w/o scatteringwith scattering w/o scattering
D0 [m] 2.9 3.9
D′

0 [m] 0.348 0.380
β[m] 24.854 25.575 25.103 25.488
α -2.310 -2.458 -2.224 -2.336
ε[mm mrad] 1.177 1.279 1.402 1.516
H 1.004 1.006 1.0065

Table 10: Horizontal Twiss parameters at the beginning of TT2, LHC beam, with QKE58 on and off.

QKE58 ON QKE58 OFF
VERTICAL with scattering w/o scatteringwith scattering w/o scattering
D0 [m] 0.009 0.002
D′

0 [m] -0.0057 0.0005
β[m] 10.447 10.432 11.130 11.064
α 1.168 1.175 0.883 0.896
ε [mm mrad] 1.133 1.170 1.202 1.245
H 1.000 1.063 1.056

Table 11: Vertical Twiss parameters at the beginning of TT2,LHC beam, with QKE58 on and off.

The Coulomb scattering at the OTRs is taken into account in the computation of the Twiss param-
eters, since the measurements have been done with all the screens inside the beam at the same time.
The blow-up induced by the scattering at the screens which are before the monitor considered is not
negligible and in the case ofBTV1025 andBTV1026, it increases the horizontalσ2

i by up to a factor
10%.

The computation of the Twiss parameters has been done by solving the system of Eq. 23, replacing
the σ2

β,i in Eq. 20 by the Eqs. 52 and 47, which take into account the scattering at the screens. In
Tables 10 and 11 the horizontal and vertical Twiss parameters are summarized, for the cases with QKE58
on and off. The parameterH in the Tables, which corresponds to the mismatch factor (blow-up after
filamentation) in [10], is defined as:

H =
1

2

[

βon

βoff

+

(

αon − αoff

βon

βoff

)2
βoff

βon

+
βoff

βon

]

(67)
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Figure 10: Horizontal (left) and vertical (right) beam size, for the cases with QKE58 on and off. Both
the measured and the results from the fit are plotted

and in our case it is a measure of the variation of the phase-space ellipse computed at the beginning of
TT2 with respect to the reference case (i.e. QKE58 on).

For the two cases there is almost no change in the Twiss parameters, although, in the measurements
with QKE58 off, the computed emittance is20% larger. In Fig. 10 are plotted the horizontal and vertical
beam sizes at the monitors, for the cases with QKE58 on and off. The beam size is changing mainly
because of the dispersion.

Figures 11 and 12 show the variation in theβ– andα–functions, emittance and mismatch factor at
the beginning of the line, when the initial dispersion or itsderivative are different from the computed
value. Since there are some uncertainty in the dispersion measurements, it is necessary to evaluate
their effect on the Twiss parameters measurements. Assuming a6% error on the measured horizontal
dispersion (or on its derivative) at the beginning of the line, there is up to a15% error on the computed
β, α or ε, while the errors on the mismatch factorH is only a few percent.

5.2.1 Comparison with the model

There are some discrepancies between the results and the model [11], which is predicting a change in
the phase-space beam-ellipse by a factorH = 1.12 in the horizontal plane by switching the QKE58
off, for the fast-extracted beams. To get these value, the beam parameters at the entry of the extraction
septumSMH16 are obtained by MAD-X computations with QKE58 on and off. A transfer matrix to
the condition at the beginning of TT2 (atQFO105) is constructed from the measurements done with
QKE58 on. The matrix so found is then used to predict the conditions at the beginning of the line with
the QKE58 off.

The model predictions are summarized in Table 12. The increase in the dispersion is in agreement
with the measurements, while the predicted large change in the Twiss parameters and in the mismatch
factor are not found. Concerning the vertical plane, where the dispersion is small, the model predicts no
appreciable mismatch, which is also found in the measurements.

MODEL Horizontal Vertical
D0 [m] 4.67 0.009
D′

0 0.43 -0.006
β[m] 41.03 9.75
α -4.050 0.876
H 1.12 1.04

Table 12: Twiss parameters model predictions for QKE58 off
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D0 = 3.91m.
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Figure 12: α– andβ–function, emittance, mismatch factor and beam sizeσ = βε, at the beginning
of the line, as a function of the initial dispersion derivative, varying in an interval of±10% around its
computed valueD′

0 = 0.38.
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5.3 Measurements with AD beam

The effect of the QKE58 suppression has been also investigated for the AD beam, whose nominal
parameters are listed in Table 13.

beam AD
Energy 26GeV
Intensity 1500 1010p
# bunches 4
εl 2.83eV s
ε∗x 10µm rad
ε∗y 5µm rad
dp/p 5 10−4

Table 13: Nominal parameters of the AD beam used for the measurements of 11th November’06

Beam profiles have been taken with the SEM grids in TT2 (MSG258, MSG268, MSG278). These
monitors where used as well to record the beam transverse position as a function of the beam momentum,
varied from the PS, in order to extract the values of the dispersion at the grids. Tables 14 and 15 show
the beam sizes and the computed dispersion at the monitors. The contribution, in%, from the dispersive
part to the total beam size is also reported.

In Tables 16 and 17 the measured Twiss parameters at the beginning of TT2 and the computed
mismatch factor (Eq.5.2) between the two configurations arelisted. We were expecting a similar result
to the MESPS beam, since the optics for the two beams and the extraction conditions should be similar.
For the AD beam, instead, the measurements in the horizontalplane show no large increase in the
dispersion but a considerable change in the Twiss parameters, leading toH = 1.59. The results for the
Twiss parameters and emittance calculation go in the direction of what the model (Sec. 5.2.1 predicts
for a fast-extracted proton beam at 26 GeV, but the small dispersion found in the case without QKE58 is
unexpected. The measurements have been done with a nominal AD beam, whose horizontal emittance
is 10 times larger then the MESPS beam. By varying the beam momentum energy for the dispersion
measurements it is possible that some scraping has occurredat the extraction septum, thus altering the
measurements. New measurements are planned in 2007, with a low intensity and low emittance beam.

HORIZ. QKE58 ON QKE58 OFF
σi [mm] δσi [mm] Di [m] σ2

D/σ2
i σi [mm] δσi [mm] Di [m] σ2

D/σ2
i

MSG258 1.891 0.016 1.112 8.6% 1.791 0.041 1.032 8.3%
MSG268 3.117 0.038 1.125 3.3% 2.772 0.039 -0.401 0.5%
MSG278 3.180 0.075 0.211 0.1% 4.411 0.097 -1.504 2.9%

Table 14: Measured horizontal beam size (with the error in its determination) and dispersion at the
SEMgrids, for the AD beam, with QKE58 on and off.

VERT. QKE58 ON QKE58 OFF
σi [mm] δσi [mm] Di [m] σ2

D/σ2
i σi [mm] δσi [mm] Di [m] σ2

D/σ2
i

MSG258 2.066 0.020 0.424 0.3% 1.945 0.021 0.472 0.5%
MSG268 2.861 0.015 0.369 0.1% 2.796 0.036 0.401 0.2%
MSG278 3.235 0.032 0.103 0.0% 3.752 0.046 0.099 0.0%

Table 15: Measured vertical beam size (with the error in its determination) and dispersion at the SEM-
grids, for the AD beam, with QKE58 on and off.
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HORIZONTAl QKE58 ON QKE58 OFF
D0 [m] 2.20 2.31
D′

0 0.236 0.181
β [m] 28.67 39.64
α -3.118 -3.088
ε∗ [µm rad] 11.92 10.15
H 1.59

Table 16: Horizontal Twiss parameters and mismatch factor at the beginning of TT2, for the AD beam.

VERTICAL QKE58 ON QKE58 OFF
D0 [m] -0.097 -0.096
D′

0 0.088 0.092
β [m] 8.47 10.35
α 0.937 0.826
ε∗ [µm rad] 5.24 5.72
H 1.06

Table 17: Vertical Twiss parameters and mismatch factor at the beginning of TT2, for the AD beam.

6 Conclusions and plans for 2007

Measurements in TT2-TT10 line were performed in November 2006 with the MESPS beam (LHC
proton beam at26 GeV, with “low” longitudinal emittance) to investigate theeffects of the QKE58
suppression in terms of changes in the Twiss parameters.

The dispersion measurements, in accordance with model prediction, show a variation of the hori-
zontal dispersion at the beginning of the line from2.9m to 3.9m, when the QKE58 is switched off, and
an increase of its maximum value in the line.

The existing Excel application has been improved, to treat separately different kind of monitors and
to assign them a different calibration coefficientβk. A difference of up to90% has been found between
theβk in TT2 couplers and in the SPS BPM. In 2007 is planned a calibration campaign of the pick-ups
in the line and in SPS, with MESPS beam, to verify these results.

Concerning the beam profiles measurements, the setting-up problems due to the BTVs electronics
will be hopefully solved in the next measurements in 2007, since they will now be part of the new
control system standard.

Contrary to the model, which predicts an80% increase of theβx when the QKE58 is off, leading
to a mismatch factor between the two configurations ofH = 1.18, the measurements show almost no
change in the phase-space beam ellipse, when QKE58 is removed.

Especially in the horizontal plane, where the dispersion atthe beam-profile monitors is large, the
Twiss parameters and emittance values depend on the accuracy in determining the beam momentum
spread, the dispersion and its derivative at the beginning of the line, therefore it is necessary to minimize
the uncertainties on these values. Nevertheless, even if the Twiss parameters and emittance values are
very sensitive to the dispersion, the beam ellipse it is not and the factorH show almost no change for a
variation of the initial dispersion conditions.

New tools have been developed to analyze the 2D beam profiles at the OTR monitors. A new fitting
routine is implemented to compute the Twiss parameters and emittance at the beginning of the line, by
using the informations from all available monitors (SEM grids and BTVs). The Coulomb scattering
at the OTR monitors is included in the computations, since, for the MESPS beam measurements per-
formed with all the 5 screens inside the beam, it accounts fora factor8% difference in the emittance
determination.
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Measurements with AD beam were also performed, showing a very small variation in the horizontal
dispersion and a change in the beam phase-space ellipse by a factorH = 1.59 in the horizontal plane.

In 2007 a new measurement campaign is foreseen with both an LHC-type and the AD beam. In
additions, it is required a calibration of the pick-ups of the line and the SPS, and, in order to better
constrain the fit for the Twiss parameters, wire-scanners emittance measurements will also be taken in
the PS and SPS.

The re-matching of the TT2-TT10 line for the new extraction conditions without QKE58 will then
be finalized, by taking as a starting point the results of our measurements.
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