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Lab 1: Knife-Edge Scraper for Beam Pro le and Halo Measurement

1.1 Aims and Objectives

This experiment aims to demonstrate the principle of
a particle beam scraper for fast measurement of trans-
verse beam parameters, by making an analogous trans-
verse prole measurements of a laser beam with a
knife-edge scanner. The measurement of a transverse
beam pro le is important for several methods to deter-
mine the emittance, namely the three-screen method,
the quadrupole scan, and the pepperpot technique,
which are explored further in the other laboratory ex-
periments. The knife-edge scanner is also useful for
beam halo measurement. The main objectives are:

e To set up the optics equipment to measure the
transverse beam pro le of a laser beam.

« To autonomously translate a knife-edge across a
laser beam and record the transmitted intensity at
a photodiode.

« To analyze the data by ltering, then differentiat-
ing the photodiode signal to generate the measured
beam pro le and determine the laser beam width
via a Gaussian t.

« To appreciate the dynamic range necessary to
measure beam halo distributions, through mea-
surements of the Fraunhofer diffraction pattern
from a single slit.

1.2 Beam Pro le Measurement Theory

Scanning a knife-edge across a particle beam allows the
transverse beam pro le to be measured from the differ-
ential of the transmitted intensity. See for example: J.
A. Arnaud et al, Technique for Fast Measurement of
Gaussian Laser Beam Parameters

1.2.1 Beam Halo

The core pro le of a particle beam may be measured
using for example, a wire scanner that records the cur-
rent resulting from secondary emission due to impact-
ing particles. In addition, however, a particle beam nor-
mally has a halo distribution, which arises from vari-
ous processes including: beam gas elastic and inelastic
scattering, incoherent and coherent synchrotron radia-
tion, scattering off thermal photons, intrabeam and Tou-
schek scattering and ion or electron-cloud effects; beam
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optics, and collective effects. In synchrotrons, the beam
halo is an important background source for the experi-
mental detectors, and is also critical for radiation sensi-
tive components in the accelerator. Beam losses at the
level of< 0:1%lost particles per bunch can be harmful,
therefore we require a beam monitor capable of mea-
suring the transverse beam halo better than this. The
required dynamic range is therefore of the ordet @f

or better. To achieve this dynamic range, a combination
of wirescanners and knife-edge scrapers is sometimes
necessary to capture pro le data from the intense core
and the halo distributions respectively.

1.3 Experimental Setup

The equipmentis in the dark room in section-C (far cor-
ner) of the RHUL Tolansky teaching laboratory.

Warning: the He-Ne laser in this experiment is a
class llla laser. Avoid direct eye exposure to laser
radiation. Do not stare into the beam and remove
any re ective jewellery before operating the laser.

A HeNe =632:8nm laser is aligned on an optical
rail such that light passes through a series of focusing
lenses to converge on distant photodiode, as shown in
Fig 1.1.

Figure 1.1: Overview of setup for knife-edge laser
beam scraper
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The photodiode signal is recorded via an National In-
struments MyDAQ data acquisition card, as in Fig 1.2,
connected to a laptop computer. The laptop also con-
trols a New Focus pico-motor, that drives a knife-
edge on a translation stage transversely across the laser
beam. The laptop has LabView control software to au-
tomate the scan, that can be accessed from the desktop.

Figure 1.2: NI MyDAQ data acquisition card to record
photodiode voltage and New Focus Pico Motor Con-
troller connected via ethernet cable/USB adapter to lap-
top.

The New Focus pico motor can be incremented in
precise 30 nm steps. To minimize the time required for
a scan, the laser beam is focused to a tight laser waist,
just after which the knife-edge is scanned, as in Fig. 1.3

Figure 1.3: Knife-edge between focusing lenses, with
the photodiode illuminated by a HeNe laser.

1.4 Measurements

1.4.1 Knife-edge Scans

After familiarizing yourself with the equipment, turn on
the laser and observe the beam shape using the white-
screen as in Fig 1.4 to image the laser beam spot at vari-

ous locations through the setup, noting the focal lengths
of the lenses used. The light should pass through all
lens apertures to avoid clipping of the beam pro le.
When the knife-edge is positioned half-way through
the laser-beam, the pattern on the card appears as in
Fig 1.4. You may notice there is a distortion of the ge-
ometric shadow on the card as the knife-edge passes
through the laser-beam - why is this? Is this effect ex-
pected at a particle accelerator? Under what circum-
stances does this effect not matter for this experiment?

Figure 1.4: Beam imaged on white screen, without and
with knife-edge in beam

The active area of the photodiode is small, therefore
the light transmitted beyond the knife-edge must be re-
focused to be collected entirely by the photodiode, as
in Fig 1.5.

Figure 1.5: Laser spot focused onto photodiode



Figure 1.6: LabView software to control the stage and

read out the photodiode during a scan of the knife-edge.

Performing a scan:

« Open the LabView software in Fig. 1.6 and use
it to record a scan, by running the program, then
pressing the start and stop buttons. Select COM3
when prompted.

* The voltage signal at each sampling point is
recorded to a timestamped data le in the
C:ICAS2017/ folder.

¢ Check that the scan records the full beam pro le
as an error function; you may wish to adjust the
step size and sampling time for a more rapid scan,
within the limits of the driver.

1.4.2 Beam pro le extraction

The recorded data le may be analyzed by the
CAS_readata.vi LabView software shown in Fig. 1.7.

The raw data are ltered by averaging over a certain
number of samples, then the signal is differentiated to
obtain a plot of the beam pro le versus knife-edge po-
sition.

Figure 1.7: Analysis software to read the photodiode
data, lter for noise and differentiate to obtain the pro-
le.

1.4.3 Gaussian beam pro le

Fit a Gaussian (or otherwise) to the beam pro le to ex-
tract the width. Compare this with the width of the

Gaussian waist you would expect at the focus of the
lenses. How would you improve / calibrate the setup?

If there is suf cient time, replace the knife-edge with
the adjustable slit and repeat the scan. Can you opti-
mize the slit size to obtain the best beam pro le?

1.4.4 Beam Halo measuring a single-slit diffrac-
tion pattern

When the rst lens in the setup is replaced with an ad-
justable single slit, a diffraction pattern is produced in
the far eld with the intensity: | (x) = % as in

Fig. 1.8. Thus the distribution has a centi@re” and

an interesting side patterns that can be considered as the

“beam halo”.

Figure 1.8: Single slit diffraction pattern.

Use the apparatus to obtain beam pro les showing
clear features of the core and halo. Consider whether
the photodiode will saturate when exposed to the full
laser beam. Place different optical Iters (N® 2.0)
in front of the photodiode, as in Fig 1.9 to obtain pro-
les with the necessary dynamic range. How could the
setup be modi ed to obtain both sides of the halo dis-
tribution?

Figure 1.9: Filter inserted in front of photodiode.
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Lab 2: Beam Emittance by the Three Screen Method

2.1 Aims and Objectives

The experimental aim is to measure the emittance of a
laser beam. The main objectives are to:

« understand the theory of emittance measurement
by the three screen method.

» calibrate a CCD camera and use it to record mul-
tiple beam pro les of a laser beam.

« calculate the beam widths using a Gaussian t to
the recorded pro les.

« apply the three-screen method matrix formalism
to determine the horizontal emittance of the laser
beam.

2.2 Emittance Measurement Theory

If is known unambiguously as in a circular machine,
then a single pro le measurement determindsy

2 _ .
y - ¥

But it is not easy to be sure in a transfer line which

to use, or rather, whether the beam that has been mea-

sured is matched to thevalues used for the line. This
problem can be resolved by usittree monitors (see
Fig. 2.1), i.e. the three width measurement determines
the three unknown , and of the incoming beam.

Figure 2.1: Overview of three screen pro le measure-
ment technique for emittance measurement.

Introducing the -matrix (see for example, K. Wille;
Physik der Teilchenbeschleuniger, Teubner):

2
_ 11 12 _ y yy?©

21 22 yOy yo
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2 =1, then the rms emittance is given by
q

- — 2
rms — det = 11 22 12

where

The rms beam width of the measured pro le is

. b—
y=p11: (s)

Transformation of -matrix through the elements of
an accelerator:

st=M so M T
M1 My T My Mz
whereM = M =
le Mzz M12 I\/|22
L;, L, = distances between screens or from

Quadrupole to screen and Quadrupole eld strength are
given, therefore the transport matihk is known.

Applying the transport matrix gives (now time for
exercise):

s1= M s0 M7

_ M1 My 1 12 M1 M2

M21 M2 21 22 M1z M2

|
P ' meas
— meas — —
= = 3{) y3§0 =
yOy yo o

_ M1z My uMn + 12Ma 11M21 + 12M2

Ma21 M2 22M11 + 22Mp 12Ma21 + 2M2

_ Mu( uMur + 2Mp)+ M2( 221Mu1 + 22M12)

therefore

(s)ir™ = 2(31)91eas

= Mg (So)u1+2M11M1z (So)12+ M5 (S0)22
where 12 = 51). Solving (Sp)11, (So)12 and

(s0)22 while the matrix elements are knowreeds
minimum of three different measurements, either
three screens or three different quadrupole settings
with different eld strength.

2.3 Experimental Setup

2.3.1 Overview

By moving the lens one can take pictures from the cam-
era in the focus (not preferred due to limited resolu-
tion of the optic system) and on other positions. The
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distance of the lens to various screen positions can be
measured by a simple rulerThe camera is connected

to a Computer where the readout software is installed.
The pictures (.jpg) can be saved and can be loaded into
a free software called “ImageJ” where a pro le of an
area can be displayed and the curser position and the
value is displayed (8 bit). The of the pro le have

to be found for each screen (camera) position and the
emittance have to be calculated.

Figure 2.2: Experimental setup for three screen emit-
tance measurement

2.3.2 Hardware parameters

Parameters for the hardware are provided below and in
Fig. 2.3.

CCD Phytec USB-CAM 051H
screen material: white paper
grid target spacing 1mm

laser Z-Lasers

IMove the lens to simulate different screen positions

Figure 2.3: Parameters for CCD and laser

2.4 Measurements

2.4.1 CCD control

Start by becoming familiar with how to acquire data
from the CCD, which is readout by the program
PHYTEC Vision Demo 2.2, as in Fig. 2.4.

Figure 2.4: CCD control and readout.

2.4.2 Data analysis with ImageJ

After acquiring a CCD image, use the software ImageJ
to select a region of interest and plot the horizontal pro-
jection, as in Fig 2.5. Save the data in Excel format for
pro le tting.



Figure 2.5: Selection of beam pro le data for tting.

Load the recorded pro le data and t a Gaussian as
in Fig. 2.6.

Figure 2.7: Calibration of readout setup using a mm-
grid

2.5 Calculation of emittance
Take pro les at three different distances between the
lens-screen, using the formula from the theory section

and below to calculate to the emittance.

¢ Hint 1: Make the distances equal, sgt=0, s, =
So

« Hint 2: Avoid position at waist (why?)

Figure 2.6: Gaussian tto pro le data.

2.4.3 Calibration

Square grid paper can be used to calibrate the distance Figure 2.8: Three pro les
to pixel size of the camera, as in Fig. 2.7.

Recall from above that:

fmeas = M3 (S0)11+2M11M12 (So)12+ M5 (So)22

The drift matrix for no optical elements is simply

1 s
M= 91



Note that:

2(S1)meas = 11+2Sl 12+ 87 2
2 _ 2
(SO)meas = 11+2S0 12+ 85 22
2(Sz)meas = 117282 1o+ 522 22
with
_ 2
11 - y (0)
N S
4s
L = o9 2 O+ J(9)
2 s?
2
— 1 12 _ y y)2/° —
21 22 yOy yo0
P H—
ms = det = 1 22 122

For reference, some preliminary measurements of
the beam sigma versus lens distance is given in Fig. 2.9.

Figure 2.9: Preliminary test measurements of laser
beam in this setup.
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