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DAΦNE-LINAC BEAMS EMITTANCE MEASUREMENT DESIGN

F.  Sannibale

In the first part of this note the application of the well known
'scanning quad' method [1] to the measurement of the DAΦNE-LINAC beam
transverse emittances is discussed. This method allows also the evaluation
of the beam optical functions (Twiss parameters).

In the last part there is a short description of the software performing
the data analysis.

1 - The 'scanning quad' method

1.1 General  description

The emittance and the Twiss parameters values are derived indirectly by
beam profile measurements. The apparatus set-up is schematically shown in
Fig. 1. A set of beam dimensions for different strengths of the quadrupole
(one of the DAΦNE transferline) is registered and analyzed in order to derive
emittance and Twiss parameters. In § 1.3 it will be described how  this
analysis is performed.

Figure 1 : measurement set-up block schematics.

The method can be used for beams with the following features:

- linear behavior: the beam transport can be represented, to good approxi-
mation, by the first order formalism.

- emittance dominance: the beam particles dynamics in a drift space has to
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be dominated by the emittance action. In particular the effects of the
space charge have to be negligible. This condition is fulfilled when in the
beam envelope equation the ratio between the space charge and the emit-
tance terms  is << 1 [2]:

ℜ  =  I R 2

ε2I0- βγ 3
 « 1

with

I 0 = 2π ε0m0c3

e

where I  is the beam current, R  the typical beam half envelope, ε  the
beam emittance, β  and γ  the Lorentz parameters, m0  and e  the electron
rest mass and charge, c  the light speed and ε0 the permittivity of the free
space.

The main characteristics of the DAΦNE-LINAC beams are summarized
in Table 1.

The transferline elements are designed in order to have very low values
of multipolar field terms [3]. This means that the first order transport for-
malism is a good model.

Finally the values we obtain for the ratio ℜ:

5 x 10-9       for the positron beam
2 x 10-6       for the electron beam

indicate that the method is surely applicable.

Table 1: DAΦNE-LINAC beams design parameters

Positrons Electrons

Energy 510 MeV 510÷800 MeV

Current 40 mA 200 mA

Pulse length 10 ns 10 ns

Geometric emittance (@ 510 MeV) 10-5 m rad 10-6  m rad

Typical envelope (half width) 1 cm 1 cm

1.2 Measurement set-up

Figure 2 indicates as the experimental set-up will be implemented on
the DAΦNE-LINAC. It's composed by the beam profile monitor (BPFTM01)
on the beam line and the quadrupole (QUATM03). The beam profile monitor
will be of the same kind of the one used at CERN, the so-called 'Chromox
CERN type 6', produced by Morgan Matroc Ltd., Anderman Division, East
Molesey, Surrey, U.K. This is a chrome doped alumina screen which has
been extensively tested at CERN by C. D. Johnson [4]. Its most important
feature is the linearity of the response for current densities of the same or-
der we will have in our Linac. It has been already successfully used for emit-
tance measurements in ELETTRA [5].
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Figure 2 : measurement set-up general lay-out.
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The distance between the beam profile monitor and the upstream
quadrupole (2.9 m) has been optimized, through the LEDA code [6], in order
to have on the monitor (in the range of the available quadrupole strengths)
an envelope minimum for both the beams. This feature as it will be shown
later is very important for the method accuracy. To commute from one beam
measurement to the other one it is necessary to change the set of the three
quadrupoles after the Linac end (QUATM01,2,3). To make easier the
measurement and the transport of the beam a wall current monitor
(WCMTM01) and H&V correctors (CHVTM01) have been included in the set-
up.

1.3 Theory

The scanning quad method uses the quadrupole thin lens description.
This approximation is valid when [7]:

k 2 L 2 « 1                               (1)

where L  and k 2 are the length and the focusing strength of the quadrupole.
The DAΦNE-Transferline quadrupoles length is 20 cm, this means

k 2  « 25  m -2

The thin quad matrix in the focusing case is:

1 L /2
0 1

 1 0
A 1

 1 L /2
0 1                            

(2)

where

A  = - k sin kL                                        (3)

The complete matrix from the center of the quad to the end of the
following drift is:

1 0
A 1

 1 D
0 1

 = 1+DA D
A 1                         

(4)

where
D  = L/  2 + d                                           (5)

with d  the length of the drift between the quadrupole end face and the
beam profile monitor.

From (4)
x  = ( 1 + DA )x0 + Dx0

/

where  x  and x/ are the coordinates of a beam particle in the analyzed phase
plane.

The beam envelope r.m.s. value is given by  the square root of  <x2>:

<x 2> = ( 1 + DA )2<x0
 2> + D2<x0

 /2>  + 2D ( 1 + DA ) <x0x 0
 />          (6)
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The (6) is a parabola with respect to the variable A which assumes,
when A = Am, its minimum value <x2 >m,. It's easy to check that:

Am = - 1
D

 - <x0 x0
 />

<x0
 2>                                       

(7)

<x  2>m = D2

<x0
 2>

  <x0
 2>< x0

 /2>  - <x0 x0
 />2

from the sigma formalism we know that:

σ11 = <x  2>            σ22 = <x0
 /2>               σ12 =  <x0 x0

 />              (8a)

εr m s = σ11σ22 - σ12
2                                       (8b)

with  εrms  the root mean square emittance. Therefore we can write:

 <x  2>m = D2

<x0
 2>

  εr m s
 2

                                     
(9)

Now using only the expression (6) we obtain after a little algebra:

<x  2> - <x  2>m = D2 A - Am  <x0
 2> A + Am + 2

D
 + 2 <x0 x0

 />
<x0

 2>
 

and by making use of (7)

<x  2> - <x  2>m = D2 A - Am  <x0
 2> A + Am - 2Am  

or

<x0
 2> = <x  2> - <x  2>m

D2 A - Am
2

 
                                   

(10)

By using (9) in (10) we obtain:

 εr m s = 
<x  2>m <x  2> - <x  2>m

D2 A - Am                             
(11)

and by (7) and (10)

 <x0x 0
/> = - 1 + AmD

D
  <x  2> - <x  2>m

D2 A - Am
2

                           
(12)

Finally from (8), (10), (11) and (12) we get:

 <x0
/2>  =  <x  2>m

D2
 + 

1 + AmD 2

D2
 <x  2> - <x  2>m

D2 A - Am
2

                         
(13)
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The relations (10), (11), (12) and (13) are the ones we are looking for.
By means of beam profile measurements we can obtain <x 2> 1) . In fact, if R
indicates the measured r.m.s.  value of the beam half envelope then:

<x  2> = R  2                                         (14)

Making several profile measurements for different values of the quadru-
pole strength and fitting the data by a parabola it is possible to obtain Am
and <x 2>m.

At this point using the relations (10), (11), (12), (13) and the well
known ones for the optical functions (Twiss parameters):

  β  = <x0
2>

ε r m s
       γ  = <x0

/2>
ε r m s

         α  = - <x0x 0
/>

ε r m s                        (15)

we can calculate a set of values for the emittance and the optical functions:
one for each different beam profile measurement. Computing the mean value
and the standard deviation of this set we finally obtain the desired results
with their statistical indeterminacy.    

The obtained optical functions are those the beam has at the quad
center. To obtain them at the quad beginning is then necessary to apply to
the 'vector' (β, α, γ) the inverse matrix of a drift of length L/2 (because the
thin lens approximation, see (2)):

 

1   L   L 2

4

0 1 L
2

0 0 1

 

1.3 Considerations on the method accuracy

The accuracy of the method strongly depends on the goodness of the
parabolic fit. To obtain this requirement the following 'rules' have to be sat-
isfied:

- Several different profile measurements have to be done.

- Very accurate profile measurements are necessary.

- Goodness of the thin lens model. See expression (1).

- The set of the profile measurements has to include quadrupole strength
values on the right and on the left of the value concerning the minimum
envelope.  

                                    
1) These profile measurements will be done by a fluorescent screen. To know the r.m.s. value of the
beam envelope we have two possibilities. The first one is to exactly calculate the value using the
intensity information of each pixel of the digitized image. The other one is to assume a beam
gaussian profile and to calculate the r.m.s. envelope by fitting the data. The first method is more
accurate but needs a very long computing time. The second one is very quick but if the beam is not
gaussian it could introduce large errors in the measured values. The final decision about the fairest
method will be taken observing the first profile measurements.
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 Furthermore it is preferable to avoid the use of the expressions (10),
(11), (12) and (13) when  A  ≈  Am . The reason is because in all them both
the numerator and the denominator vanish when A  =  Am . In these condi-
tions a very high precision in calculation is needed to avoid large errors.

2- The 'Emittance Routine'

2.1 Main features

 The Emittance Routine is written in FORTRAN 77 and applies the theory
described in the previous chapter. It requires as input the measured beam
profile values and indeterminacies and gives as output the values and
indeterminacies of emittance and beam optical functions at the quadrupole
beginning. Informations about the fit and its goodness are also provided (fit
values and indeterminacies, chisquare variable, degrees of freedom). In
Appendix the routine list, input and output files are given.

2.2 Routine test

 For testing purposes, a set of beam profile values has been simulated by
the means of the first order matrix code LEDA. The values so obtained have
been used in the Emittance Routine and the results have been compared
with the known ones. Very good agreement, within few percent, has been
obtained in this ideal case.
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