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Abstract. In this paper, we present the results of transverse beam emittance and twiss parameter
measurement of an electron beam, delivered by a 20 MeV microtron which is used as a pre-injector
system for a booster synchrotron in the Indus Accelerator Facility at RRCAT Indore. Based on these
measured beam parameters, beam optics of a transport line was optimized and its results are also
discussed in this paper. This beam transport line is used to transport the electron beam from the 20
MeV microtron to the booster synchrotron. The booster synchrotron works as a main injector for
Indus-1 and Indus-2 synchrotron radiation facilities. To optimize the beam optics of a transport line
for proper beam transmission through the line as well as to match the beam twiss parameters at the
beam injection point of another accelerator, it is necessary to know the transverse beam emittance
and twiss parameters of the beam coming from the ﬁrst one. A MATLAB-based GUI program
has been developed to calculate the beam emittance and twiss parameters, using quadrupole scan
method. The measured parameters have been used for beam transport line optimization and twiss
parameters matching at booster injection point. After this optimization, an enhancement of ∼50%
beam current has been observed in the booster synchrotron.
Keywords. Beam transport line; emittance; twiss parameters.
PACS Nos 29.20.−c; 29.20.dk

1. Introduction
Indus-1 and Indus-2 are two synchrotron radiation facilities having electron beam energies of 450 MeV and 2.5 GeV, respectively. There is a common beam injector for these
facilities, consisting of a 20 MeV classical microtron [1] and a 450/550 MeV booster
synchrotron. Electrons are generated and accelerated up to 20 MeV in the microtron and
it works as a pre-injector for the booster synchrotron and delivers the beam at the repetition rate of 1 Hz. In the booster synchrotron, energy of the electron beam is raised from
20 to 450 MeV for injection into Indus-1 storage ring and up to 550 MeV for injection
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into Indus-2 ring [2]. A 14 m long beam transport line 1 (TL-1) is used to transport the
electron beam from the microtron to the booster synchrotron. It consists of one bending
magnet, six quadrupole magnets, steering coils and beam diagnostic devices.
To study the collective behaviour of particles in a beam, it can be characterized by its
properties in a phase space [3]. The plane perpendicular to the direction of motion of the
beam is called transverse plane. So there are two transverse phase-space planes known
as horizontal and vertical planes. An area in two-dimensional phase space of (x, x  ) or
(y, y  ) occupied by the beam is characterized by transverse emittance. Here, x and y
denote the horizontal and vertical displacements from the reference trajectory(s). The
coordinates x  = dx/ds and y  = dy/ds describe the horizontal and vertical slopes with
respect to the reference trajectory. The emittance is conserved [4] if particle motion is
subjected by only conservative forces, such as time-independent electric and magnetic
ﬁelds. A Gaussian distribution of the beam particles and linear beam optics without coupling between horizontal and vertical planes has been considered here. Beam motion can
be described in a transverse phase space by the Courant–Snyder ellipse [5] deﬁned by
γ x 2 + 2αxx  + βx 2 = ε. Here the parameters β, α and γ are called twiss parameters and
the emittance or Courant–Snyder invariance is denoted by ε, which is equal to the area of
the ellipse divided by π . Such an ellipse is shown in ﬁgure 3a. It is necessary to know
the transverse beam emittance and twiss parameters at the microtron beam exit point for
beam optics optimization in the transport line and to judge the beam quality.
There are different methods of beam emittance measurement like pepper pot, single slit
method, quadrupole scan method etc. Here, we have used quadrupole scan method [6],
because it is one of the most commonly used methods for beam emittance measurement
for lepton injector systems at medium beam energy range in which the beam is not primarily space-charge dominated. In the quadrupole scan method, the r.m.s. beam size is
measured as a function of the strength of one or more quadrupoles situated upstream a
beam proﬁle monitor (BPM).
Three beam proﬁle monitors are installed in TL-1 as shown in ﬁgure 1. BPM1 is
used to observe the beam proﬁle of the beam just coming out from the microtron but
this BPM1 cannot be used for measuring beam emittance and twiss parameters of the
microtron beam using quadrupole scan method because no magnetic quadrupole is located
between the BPM1 and the microtron. We have used BPM2 for measuring beam size
during the experiment because it is more suitable for the above-mentioned measurements,
since a quadrupole doublet is located between the microtron and the BPM2. A AF995R
(commonly known as Chromox) scintillator screen of 1 mm thickness has been used in
the BPM. The screen is mounted on a stainless steel plate to ﬂush away the electrons. The
stated decay time of this screen is of the order of ∼100 ms with light emission around
700 nm which matches with the sensitivity of the CCD camera. The resolution of the
system is mainly limited by grain size and optical set-up. The grain size of the screen is
of the order of 100 microns [7]. The overall resolution of the system is ∼125 microns.
The screen has been marked with gridlines with 10 mm spacing providing a calibration
factor of 6 pixels/mm. An un-cooled analog charge-coupled device the (CCD) camera
model WATEC 127 LH (CCIR) has been used. The composite analog video signal from
the CCD camera is digitized using National Instruments (NI) 8-bit frame grabber card (NI
1411) [8,9]. The software developed in-house captures the image from the frame grabber
card. Once the image is acquired in the computer, suitable image processing method has
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Figure 1. Lay-out of the beam injection system of the Indus Accelerator Facility.

been applied. The dark frame image is subtracted to reduce the effect of dark current.
The acquired beam images are mostly corrupted with ‘salt and pepper noise’ [10,11].
The malfunctioning pixels in CCD sensor and noisy environment which affect the analog
video signal are usually associated with this type of noise. Image averaging and median
ﬁltering (kernel size [5,5]) is carried out to reduce the effect of random and ‘salt and
pepper noise’. The pre-deﬁned or manually selectable region of interest is then extracted
from the image. The line proﬁle data at the centroid position are ﬁtted with a Gaussian
function to ﬁnd beam size. The ﬁtting goodness is displayed along with the ﬁtted curve.
The current of the ﬁrst quadrupole doublet (QD1 and QF1), upstream to the BPM2, is
changed within the speciﬁed limit and beam proﬁle is observed on the BPM using a CCD
camera. Due to the high intensity of the beam, the CCD camera was getting saturated from
the light emitted from the BPM screen. The light transmission to the CCD camera was
optimized by adding neutral density ﬁlter between the BPM and the CCD camera. Neutral
density ﬁlter of 1% transmission was found suitable to prevent saturation of the CCD
camera. The transverse r.m.s. beam sizes were computed by Gaussian ﬁtting of the beam
proﬁle, captured by the CCD camera. Based on quadrupole current settings and measured
r.m.s. beam sizes and using an in-house developed GUI program in MATLAB, beam
emittances and twiss parameters were computed. Further, based on these parameters,
new beam optics of the TL-1 was computed and applied.
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Table 1. Beam parameters of the microtron.
Parameter

Value

Output energy
Output current
Pulse length
Repetition rate
Cavity frequency
Energy spread

20 MeV
20 mA
500 ns
1 Hz
2856 MHz
±0.1%

2. Experimental set-up
A 20 MeV, 20 mA classical microtron is being used as a pre-injector for the booster synchrotron in the Indus Synchrotron Facility. A high-frequency cavity which resonates at
2856 MHz frequency is placed in the microtron at the position of common tangent point
to all orbits. A cathode of lanthanum hexaboride (LaB6 ) is used as the electron emitter.
Under the strong inﬂuence of the electromagnetic ﬁeld of the high-frequency cavity, electrons gain ∼910 keV energy per turn. These electrons are repeatedly passed through the
cavity with the help of uniform dipole magnetic ﬁeld applying in perpendicular direction
of motion and the beam is accelerated up to 20 MeV. This beam of 500 ns pulse length
is injected into the booster synchrotron through beam transport line 1 (TL-1) and ramped
to 450 MeV for injection into Indus-1 storage ring and 550 MeV to Indus-2 ring. This
process of beam production, acceleration and injection is carried out with 1 Hz repetition
rate till the required beam current is accumulated in the Indus-1 or Indus-2 ring (table 1).
3. Measurement of transverse beam emittance and twiss parameters
Quadrupole defocussing (QD1), quadrupole focussing (QF1) and the BPM2 of TL-1, as
shown in ﬁgure 2, are used to measure transverse beam emittance and twiss parameters of
the electron beam at microtron beam extraction point. Quadrupole scan method has been
adopted for this measurement. Currents of the power supplies of QD1 and QF1, which
are proportional to strengths of the quadrupoles, are changed within the speciﬁed limit
and the corresponding beam proﬁles are recorded on the BPM using a CCD camera.
A linear beam optics has been considered and effects due to coupling between the
horizontal and vertical planes, collisions and chromatic aberrations are not considered in
these studies. A Gaussian ﬁtting on the beam proﬁles is done to compute the r.m.s. beam
size. For the Gaussian distribution of an electron beam, equation of the beam ellipse is as
follows [12]:
γx x 2 + 2αx xx  + βx x 2 = εx .

(1)

Here x represents the transverse displacement and x  represents the slop with respect to
the reference trajectory(s), in horizontal or vertical plane, in curvilinear coordinate system
x
, γx =
(x, y, s) [3]. βx is known as the betatron amplitude function, αx = − 12 ∂β
∂s


2
1 + αx /βx and εx is the r.m.s. beam emittance.
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Figure 2. Photograph of the beam injector system of Indus Accelerator Facility.

Transverse beam emittance, twiss parameters and beam matrix (σ ) are related as
follows [13]:




β −α
σ11 σ12
=ε
.
(2)
σ =
σ21 σ22
−α γ
Transfer matrix between the microtron beam exit point and the BPM is as


R11 R12
R=
,
R21 R22

(3)

where R11 , R12 , R21 and R22 are the elements of the R-matrix .
The relation between the sigma matrix and the transfer matrix is as follows:
σ 1 = Rσ 0 R T ,

(4)

where σ 0 and σ 1 are the beam matrices at the microtron beam exit point and at the BPM
location, respectively. R T is the transpose of the R-matrix.
Hence the beam sizes and the transfer matrix elements are related as follows:

where

1
2 0
0
2 0
= R11
σ11 + 2R11 R12 σ12
+ R12
σ22 ,
σ11

(5)

0
0
1
σ11
is the r.m.s. beam size at the location of the BPM. The elements σ11
, σ12
and

0
0
are constants and our aim is to determine them. Thus the elements of σ 0 (i.e. σ11
, σ12
0
1
and σ22 ) can be deduced from a set of measurements of σ11 obtained from the beam sizes
at the BPM and related as
0
σ22

1
2
0
0
2
0
σi,11
= Ri,11
σ11
+ 2Ri,11 Ri,12 σ12
+ Ri,12
σ22
.

(6)

Here i is the measurement index. It is required to change the strength of the quad1
rupoles at least three times and measure the corresponding σ11
values at the BPM
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during each setting of the quadrupole. The σ 1
as follows:
⎛ 1 ⎞ ⎛ 2
R1,11 2R1,11 R1,12
σ1,11
1
2
⎠ = ⎝ R2,11
⎝ σ2,11
2R2,11 R2,12
1
2
σ3,11
R3,11
2R3,11 R3,12
or

where

matrix and the σ 0 matrix are related
⎞⎛ 0 ⎞
⎛ 0 ⎞
2
R1,12
σ11
σ11
2
0 ⎠
0 ⎠
⎠ ⎝ σ12
R2,12
= M⎝ σ12
0
0
2
σ22
σ22
R3,12

⎞
⎛ 1 ⎞
0
σ1,11
σ11
1
0 ⎠
⎝ σ12
⎠,
= M −1⎝ σ2,11
0
1
σ22
σ3,11

(7)

⎛

⎛

2
R1,11
2
M = ⎝ R2,11
2
R3,11

2R1,11 R1,12
2R2,11 R2,12
2R3,11 R3,12

(8)

⎞
2
R1,12
2
⎠
R2,12
2
R3,12

and

|M| = 0,

which can be known from the parameters of the transport line between the BPM and the
microtron beam exit point where we want to ﬁnd out the twiss parameters. Now from
eq. (2) we can write

 0 2
σ0
σ0
0
0
(9)
× σ22
− σ12
, β = 11 and α = − 12 .
ε = det (σ ) = σ11
ε
ε
Using eqs (8) and (9), beam emittance and the twiss parameters can be deduced.
In the experiment, beam proﬁle is measured with the help of the view on the screen of
the BPM by varying the quadrupole strengths, i.e. as a function of the quadrupole current.
2
1
The measured beam size is a function of the quadrupole current as rr.m.s.,i
= σi,11
(Ii ),
where rr.m.s. is the r.m.s. beam size, I is the quadrupole driving current and i is the
measurement index. A series of measurements on the BPM screen were performed to
measure the r.m.s. beam size in horizontal as well as vertical planes. An optimal set value
of current in QD1 was found as 1.45 A to obtain a range of horizontal r.m.s. beam sizes,
on both sides of the beam waist, by varying the current in QF1, as shown in ﬁgure 3b
[14]. Three data points out of the above measurements were chosen to measure the beam
emittance and the twiss parameters in the horizontal plane, as shown in ﬁgure 3d.
Similarly, an optimal set value of current in QD1 was found as 1.85 A to obtain a range
of vertical r.m.s. beam sizes, on both sides of the beam waist, by varying current in QF1,
as shown in ﬁgure 3c [12,14]. Three data points out of the above measurements were
chosen to measure the beam emittance and the twiss parameters in the vertical plane, as
shown in ﬁgure 3d.
A graphical user interface (GUI) software was developed using MATLAB and accelerator toolbox [15], to compute the emittance and twiss parameters which takes the
quadrupole current values and calculates the corresponding strengths from the data available and then a transfer matrix is calculated from the microtron beam exit point to the
BPM. A Gaussian curve is ﬁtted from the image of beam intensity proﬁle and r.m.s. beam
size is calculated. To minimize the random error in the beam size measurement, 10 images
are captured on the BPM for each setting and an average beam size is calculated under
the same condition. Based on the quadrupole current settings and measured r.m.s. beam
sizes, the GUI computes emittance and twiss parameters at the microtron beam exit point.
852
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(a)

(b)

(c)

Figure 3. (a) Phase-space ellipse and meaning of the twiss parameters, (b) measured
beam size vs. quadrupole current in the horizontal plane, (c) measured beam size vs.
quadrupole current in the vertical plane.
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Figure 3d. GUI for the measurement of transverse beam emittance and twiss
parameters.
Table 2. Measured beam emittance and twiss parameters.
Parameter

Value

Horizontal beam emittance εx,r.m.s.
Vertical beam emittance εy,r.m.s.
Horizontal beta function βx
Vertical beta function βy
Horizontal alpha function αx
Vertical alpha function αy

1.21 ± 0.03 mm × mrad
4.16 ± 0.10 mm × mrad
2.98 ± 0.09 m
1.05 ± 0.02 m
1.51 ± 0.06
−0.82 ± 0.03

4. Analysis of measured beam emittance and twiss parameters
Here we have assumed that the measurement errors given by quadrupole parameters,
length of the drift spaces and beam energy are negligible. The experiment was repeated
twenty times and beam emittance and twiss parameters were calculated for each set. The
measured data were analysed as follows:
The corresponding expression for the variance s 2 of the sample population [16] is given as
s2 ≡
854

1
N −1

N

(xi − x̄)2 ,
i=1
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where s represents the standard deviation for the sample distribution and N is the sample
size (in our case N = 20). The mean x̄ ≡ (1/N ) N
i xi and standard error of the samplemean is
s
SEx̄ ≡ √ .
N

(11)

Figure 4. Emittance ellipses for 1σx and 1σy at the microtron beam exit point.
Table 3. Twiss parameters and the dispersion function at the booster
injection point.
Parameter

Value

Horizontal beta function βx
Vertical beta function βy
Horizontal alpha function αx
Vertical alpha function αy
Horizontal dispersion function ηx
Derivative of the dispersion function ηx

4.27 m
2.06 m
−0.74
−0.15
0.0 m
0.0

Table 4. Old and new optimized strengths of all the six quadrupole
magnets in the TL-1.
Quadrupole magnet

Old strength (m−2 )

New strength (m−2 )

QD1
QF1
QD2
QF2
QD3
QF3

−5.85
5.88
−5.05
5.72
−5.57
6.02

−5.83
6.61
−3.81
4.59
−5.13
5.95
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The mean value and standard error of the sample-mean, for the emittance and the twiss
parameters, were calculated from the observed data and results are presented in table 2.
In a classical microtron, the beam emittance is large in the plane of bending (here it is
the vertical plane). This is clear from the above-measured results also [17].
Emittance ellipses, also known as phase-space ellipses [12], at the microtron beam exit
point in the horizontal as well the vertical plane, are shown in ﬁgure 4.

β

β

η

(a)

σ

σ

σ

(b)
Figure 5. (a) Lattice functions in the TL-1, (b) beam sizes in the TL-1.
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(c)
Figure 5c. Emittance ellipses for 1σx and 1σy at the booster injection point.

5. Optimization of beam transport line 1 (TL-1)
Based on the measured emittance and twiss parameters at the microtron beam exit point,
we computed the new beam optics [18] for TL-1 in which phase-space parameters were
matched at the booster injection point. For matching the parameters, the particle tracking
code TRANSPORT [19] was used. The TL-1 has six quadrupole magnets and one bending magnet to match the twiss parameters (βx , βy , αx and αy ), dispersion function (ηx )
and its derivative (ηx ) at the booster beam injection point (table 3).
As the magnetic strength of a quadrupole is directly related to its driving current, during
the beam transport line optimization, the optimized driving currents in all six quadrupoles
were used. Based on the measured data between driving current and strength of the
quadrupole, the strength of every quadrupole was derived and shown in table 4.
Figure 5a shows the optimized lattice of the TL-1. Figure 5b shows the r.m.s. beam
sizes, in horizontal as well vertical planes, for the optimized TL-1. Emittance ellipses at
the booster beam injection point with matched optics in horizontal and vertical planes are
shown in ﬁgure 5c.
6. Effect of the phase-space matching and an improvement
in the booster performance
Beams have to be transported by extracting from one machine to injecting into the next
machine through a beam transport line. Hence, beam parameters at the start of line have to
be propagated through the line in such a way that the beam parameters could be matched at
the end of the line. Basically, one needs to match the parameters β, α, dispersion function
(η) and its derivative (η ) in both the planes [20]. Due to different types of errors like
the magnetic ﬁeld errors, misalignment errors in the magnetic elements, constants on the
linear optics and injection offset, a perfect phase-space matching cannot be found between
the end of a transfer line and the accelerator it serves. Unmatched beam ellipse rotates
Pramana – J. Phys., Vol. 86, No. 4, April 2016
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in the phase space and after several turns, the rotation symmetry is recovered which is
known as beam ﬁlamentation [21]. Due to mismatches at the beam injection point in the
betatron and the dispersion and beam injection offset, emittance dilution takes place and
this increases the particle losses during beam injection [21,22]. In a circular accelerator,
how an unmatched beam ﬁlaments, after injection, is shown in ﬁgure 6.
Emittance dilution from betatron mismatch is related as follows [22]:

εdilute

1
=
2






β1 2 β2
β2
β1
+ α1 − α2
+
ε0 .
β2
β2
β1
β1

(12)

Here the matched ellipse is characterized by β1 and α1 , while the mismatched ellipse is
characterized by β2 and α2 . Here ε0 is the emittance for the matched ellipse and εdilute for
the mismatched ellipse. In a transfer line or in the ﬁrst turn in a circular machine, beam
ﬁlamentation is negligible. Figure 6e shows the booster DC current transformer (DCCT)
[23] current which was observed with normal operating optics and the new optimized
optics of TL-1 after matching the twiss parameters.
Here we discussed the results of the experiments performed to improve the booster
performance monitored using DCCT, the booster DCCT current with normal TL-1 optics
and with the optimized TL-1. In normal optics, booster DCCT accelerated current is
∼3.0 mA and with new matched optics of the TL-1, ∼4.5 mA current was achieved.
Hence ∼50% beam current enhancement has been observed in the booster synchrotron.

(a)

(b)

(c)

(d)

Figure 6. (a) Matched ellipse, (b) unmatched ellipse, (c) ﬁlamenting beam ellipse
and (d) fully ﬁlamented beam ellipse.
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With normal TL-1 optics

Max. accelerated DCCT current ~ 3.0 mA
( calibration factor 100 mV = 1 mA )
(e)

With new optimized TL-1 optics

Max. accelerated DCCT current ~ 4.5 mA

Figure 6e. Booster DCCT current with normal and the optimized TL-1.

7. Conclusion
The transverse beam emittance and twiss parameters of the electron beam for the 20 MeV
microtron were measured. Measured values of the emittance in the horizontal and vertical
planes were εx,r.m.s. = 1.21 ± 0.03 mm mrad and εy,r.m.s. = 4.16 ± 0.10 mm mrad
respectively. Based on the measured emittance and twiss parameters of the extracted
microtron beam, optics of the TL-1 was optimized such that the twiss parameters were
matched at the booster injection point. After the matching of the TL-1 optics, accelerated
booster current increased from ∼3 to ∼4.5 mA, i.e. ∼50% beam current enhancement in
the booster synchrotron has been observed. The booster synchrotron is routinely used as
an injector for the INDUS-1 and INDUS-2 synchrotron radiation facilities and after the
booster current enhancement, the beam injection rate for both the synchrotron radiation
facilities has increased and it has helped to reduce the beam ﬁlling time.
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