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Abstract: A web-based application has been developed to allow
simple, user-friendly tomography using Transoptr and MENT. The
application was used to reconstruct the horizontal and vertical phase
spaces of a 18.4 kV Li7 beam in ISAC, and these were found to agree
qualitatively with measured phase spaces up to a mirror symmetry,
and a rotation due to unknown drift lengths. The application also
produces diagnostic plots, which have been shown to be useful in
identifying and removing any faulty input profiles.
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1 Background

Emittance scanners have long been the most reliable and straight-forward
apparatus used in measuring the phase space of a beam, and measuring the
emittance in particular. While they provide a direct measurement of the phase
space, they are often more expensive, slower and more difficult to install in
confined spaces than more common diagnostic elements, such as rotating pro-
file monitors (RPMs) or wire-scanners. The ability to perform consistently
accurate tomography has thus been long sought after, but is of course not as
simple as using an emittance scanner. The heavy dependence of tomography
on an accurate model of the beam-path, on the type of profile monitor used,
on the measured profiles being reasonably “well-behaved”, and on a range
of other issues has caused beam tomography to be often cumbersome, if not
impossible. The purpose of developing a web-based tomography application
was to handle many of these issues programatically, at least partially, to allow
users a more streamlined method of tomography.

Much of the work here relies on or continues work carried out by past
co-op students in the Beam Physics group, most notably Samantha Marcano
[3] and Paul Jung [2]. This application would have been impossible without a
great deal of previous work and continuous help from the Beam Physics group,
particularly Carla Barquest, Thomas Planche and Suresh Saminathan.

2 Overview of The Application

The work-horses of this application are the extensively used Transoptr

and MENT (Maximum Entropy) algorithms.

2.1 Transoptr

Transoptr is a Fortran based code, used for its ability to calculate the
beam’s transfer matrix to second order through drifts, quadrupoles and a
range of other common beam elements. Transoptr has the potential to be
much more powerful if the initial beam parameters are known - however, for
the purpose of tomography, all that is needed are the transfer matrices, and
so the more powerful (and more complicated) features of Transoptr may be
forgotten. Transoptr takes two input files: the sy.f and data.dat files.
The Fortran script sy.f details the beamline - the (relative) positions of the
beamline components, the length of drifts, etc. while the data.dat typically
gives information on any relevant units, the strengths of the beamline elements,
and which (if any) of these strengths to optimize. For the purposes of this
application, the strengths of all elements are fixed and known. The transfer
matrix elements are then read from the output fort.9* files.
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Figure 1: A basic outline of the server-side portion of the tomography. Note
that the initial writing to XML files is currently external to the tomography
application.

2.2 Maximum Entropy Algorithm

MENT, written in C++, is the algorithm which performs the tomography,
given the (real-space) profiles and their corresponding transfer matrices. It
finds the “simplest” phase space which could reproduce the given profiles by
maximizing the entropy of the phase space distribution, with the constraint
that the profiles which result from the reconstructed phase space agree with
the input profiles. MENT allows the user to specify the maximum number
of iterations before terminating, the amount (if any) of internal smoothing
performed by MENT, as well a range of other variables, all of which are specified
in the input in file. The output includes the contour data of the phase space,
as well as the original input profiles and their corresponding fitted profiles.

Scheins [4] gives a detailed explanation of MENT, as well as of tomography
in general.
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Figure 2: The interface for selecting the input profiles for the tomography.
Users can check/uncheck the boxes to the left to select profiles. The filename
is displayed, as well as any comment associated to that file, which the user
can edit. Note, any years and months that have data related to them in the
XML database are shown in drop-down menus.

2.3 Python Library

The above two algorithms are called from within a Python library 1, along-
side all other data handling. Flask [1], a web framework for Python, deals with
the routing, that is, it details what functions are to be called when a web-page
is initially loaded. This includes reading from and writing to a range of files,
performing any statistical analysis, and constructing the figures (but these are
not plotted from within Python). Flask and Flask-Session are used to store
any data server-side such as requested files, figures, etc. This is accomplished
using a cookie-like object, the session, which can be passed back and forth
between Python and JavaScript.

2.4 JavaScript & HTML

AJAX calls are used extensively in this application, largely to update the
session data as the user changes selected files, MENT parameters, etc. The

1An early, script version of this library is available at [5].
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Figure 3: The same page as shown in Figure 2, now with several profiles chosen.
The selected profiles are listed, and the user is allowed to specify the variables
shown: profile type, dimension, the tomography path, and the MENT input
variables.

figures are plotted using Plotly in JavaScript, to allow user interactions such
as hover and click events.

Much of the interface styling for the application is due to Bootstrap.

2.5 Git Version Control

Version control was vital to the development of this application, provided
in this case using Gitlab. The use of version control allowed the development of
the tomography application out of a “prototype” application called “profile”,
which simply plots the input profiles.

A small initial Wiki page detailing some of the intricacies of the application,
as well as the issues forum, are open to the public [6].

3 Purpose of The Application

As mentioned in section 1, the application was developed to tackle issues
which had prevented accessible, easy-to-use tomography in the past. One such
issue was the initial parsing of the raw data in order to extract the profiles in
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Figure 4: The page displayed immediately after the tomography finishes. The
reconstructed phase space is shown, and the user is able to use the tabs to
toggle between the different plots & data.

appropriate units. This was due to the many formats that this data is stored
in, depending on the diagnostic used. It was decided that the most efficient
solution to this was to parse all types of raw data into a common format,
specifically storing the data in XML files. XML trees have the advantage of
being both human-readable and machine-readable, and can store data in many
different forms, identified by tags. This allows these XML files to contain all of
the data relevant to the measurement: the profile itself (in raw and processed
forms), the value of the ramped element (e.g. a quad’s voltage), the time-
stamp of the measurement, the relevant units, etc. The step between the
raw data and the XML files is currently handled by a library external to the
application.

An example of such an XML file can be found at the Gitlab project wiki
page [6].

Units present a second challenge to seamless tomography: diagnostic ele-
ments do not all take measurements in the same unit, magnetic quad settings
are in voltages while electric quad settings are amperes, and any unit prefixes
also need to be dealt with. These issues are handled through a combination of
a configuration file (which specifies the desired units) and the unify [8] script,
which intelligently converts from the initial unit to the desired unit.

A good model of the beamline is vital to successful tomography, and ideally,
users should be able to perform tomographic reconstructions at any point
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of the beamline. The HLA group has already partially developed a library
acc, containing models of several of the beamlines at the facility, stored in
XML databases. The library also contains scripts which convert these XML
files into Transoptr input files, sy.f and data.dat, between two specified
elements on the beamline. Again, this library is currently external to the
application and so is not entirely user-friendly, but is already preferable to
writing Transoptr input files by hand. The use of the acc library also allows
the available beamline elements to be procedurally generated, rather than
hard-coded.

The acc library is not without fault at the time of writing. Most impor-
tantly for the tomography application, several of the drift lengths were set by
hand by matching points to a diagram, and hence, such lengths may only be
accurate to several millimeters. It was found that, at times, the reconstructed
phase space was sensitive to changes in drift lengths on the order of millimeters
or less.

Noise, beam-loss, cutting and other effects which degrade the quality of
the measured profiles also decrease the likelihood of successful tomography.
The application currently offers basic diagnostic tools for handling such cases:
even if the tomographic reconstruction fails to return any result, the user is
still presented with several sets of data that give a measure of the quality of the
input profiles. The profiles themselves are plotted, along with a plot of RMS2

vs. the setting of the ramped element, and a plot of the profile integrals. Each
allows the user to determine the quality of individual profiles, and of the profile
set as a whole. Individual profiles may then be easily excluded from further
tomography attempts.

4 Results

In order to perform benchmarking of the application, profile and emittance
scans were taken on a 18.4 kV Li7 beam in ISAC. Two sets of profiles were
recorded: first using profile monitor IMS:RPM14 while ramping IMS:Q11, and
then using IMS:RPM18 while ramping IMS:Q18. Only the strength of one
quad was varied for each set of profiles, and all other elements were kept at a
fixed strength (unless a quad shared a power supply with one of the ramped ele-
ment, a case handled accordingly in the Transoptr input). Emittance scanner
IMS:EMIT11 was used to record the phase space. As this emittance scanner
takes the place of slit IMS:YSLIT11 in the beamline, the slit was opened to
5.0 mm before taking profile measurements.
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Figure 5: The measured horizontal phase space.

4.1 RPM18 Results

The most successful tomographic reconstruction was found using the set
of data taken with IMS:RPM18. In particular, it is seen that the horizontal
phase space reconstruction (Figure 6) is especially close to the corresponding
measured phase space (Figure 5). In particular, the characteristic sextuple
aberration shape is seen in both figures surrounding a vertical, high-density
region. While the emittances of the reconstructions were not calculated, they
are expected to match closely the measured values due to the similar shapes
and scales of the corresponding distributions.

However, due to the explanation given in Section 3, the drift lengths were
not exactly known, and hence the central region of the reconstructed phase
space was not originally as vertical as in Figure 6. The initial drift length
of the path was tweaked, causing a small rotation in the reconstructed phase
space. This was the only length which was tweaked, but there are in fact
several unknown drift lengths, each causing different effects depending on the
beam envelope at those positions. Hence, it was decided that tweaking every
unknown length was not practical but tweaking just one was sufficient, and
that the acc library should be updated with accurate lengths before further
tomographic reconstructions.

It should also be noted that the reconstructions (as MENT outputs them)
match with the measured phase spaces only up to a reflection. This is believed
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Figure 6: The reconstructed horizontal phase space, using profiles from
RPM18. The emittance of this phase space has not yet been calculated. The
MENT output was reflected through a vertical line to obtain this figure.

to be due to either the relative orientations of the emittance scanner with
respect to the profile monitors, or to a difference in convention of axis between
the same devices.

Figures 9-12 show the “diagnostic” plots for the profile data used for the
above reconstructions. Note that a user on the web application usually sees
the corresponding XML files when they hover on the points or lines.

Figures 9-12 indicate that the set of profiles taken on RPM18 were well
suited for use in tomography. The 21 profiles are relatively noise-free, display
only minor cuts at the extreme voltages, and their integrals have a low coeffi-
cient of variation with no obvious outliers. Figure 11 displays a very smooth
parabolic shape as desired, and importantly the RMS2 does pass through a
minimum for this range of quad voltages. Another indication of successful
tomography is that the fitted profiles in Figures 9 and 10 match their corre-
sponding input profiles well, including the more unusual profiles such as the
bimodal distribution in Figure 9.

Similar plots to those shown in Figures 11 and 12 were also found for the
vertical profiles.
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Figure 7: The measured vertical phase space.

Figure 8: The reconstructed vertical phase space, using profiles from RPM18.
The emittance of this phase space has not yet been calculated. The MENT
output was reflected through a horizontal line to obtain this figure.
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Figure 9: 5 (of 21) of the input plots used to reconstruct the horizontal phase
space, and their respective fitted profiles.

Figure 10: 5 (of 21) of the input plots used to reconstruct the vertical phase
space, and their respective fitted profiles.
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Figure 11: RMS2 as a function of the magnetic quad setting for the horizontal
profiles. Note the strong parabolic dependence.

Figure 12: Here, the x-axis numbers the input profiles in time-ascending order,
and the y-axis gives the integral of a profile in arbitrary units. The coefficient
of variation of the above data is 0.023.
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Figure 13: RMS2 as a function of the quad voltage of Q11 for the profiles
taken with RPM14.

4.2 RPM14 Results

The “diagnostic” plots for the horizontal profiles taken on RPM14 are
shown here first, as an example of how they may be used by application users.

Using Figures 13 and 14, it was obvious to immediately mark 5 of the 13
profiles as unusable for tomography, as either their RMS2 sizes are too low, or
their integrals are too low, or both. This seems to be due to partial or total
beam loss at certain quad voltages. Indeed, MENT did not converge to any
reconstruction if the entire data set was used. Unfortunately, this reduced the
number of usable horizontal profiles to 8. Using similar diagnostic plots for
the vertical profiles, it was found that only 5 of the 13 vertical profiles were
usable for tomography. The resulting reconstructions are shown in Figures 15
and 16.

The same initial drift length was set to the same value as was used for the
results obtained in Section 4.1. However, this only showed further the need for
the acc directory to be as accurate as possible, as this change of drift length
did not effect the phase spaces as it did for Figures 6 and 8.

It can be seen that the reduced number of profiles may have led to a loss of
interior features in this pair of phase spaces, as compared to Figures 6 and 8.
The higher signal-to-noise of this set of profiles seems to also have introduced
unphysical artifacts, such as the isolated “islands” of high intensity in Figure
15 and the oscillations in Figure 16.
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Figure 14: Again, the x-axis numbers the input profiles in time-ascending
order, and the y-axis gives the integral of a profile in arbitrary units. The
coefficient of variation of the data was 0.682.

Figure 15: The phase space in the horizontal direction, as reconstructed using
profiles taken on RPM14. The MENT output was reflected through a vertical
line to obtain this figure.
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Figure 16: The phase space in the vertical direction, as reconstructed using
profiles taken on RPM14. The MENT output was reflected through a hori-
zontal line to obtain this figure.

The two sets of results detailed above - from RPM18 and from RPM14 - give
further insight into what is required for good tomography. Unsurprisingly, the
profiles taken on RPM18 produced more accurately the measured phase space,
but Figures 15 and 16 at the very least display the very basic distributions
that were expected (allowing for rotations due to the unknown drift lengths).
As previously found by Scheins [4], this implies that the number of profiles
is one of the less important factors on which the tomography is dependent.
This suggests that the tomography application requires optional smoothing of
profiles, to improve the signal-to-noise in such cases. Such smoothing would be
best implemented at the XML creation stage to allow the greatest flexibility.

As is seen by Figure 13, it would not be a difficult task to measure more
profiles at this point of the line (as the range of RMS2 is already quite large),
simply by e.g. taking measurements every 250 V instead of 500 V. In the
future, it may be possible to use the Envelope web-application to predetermine
areas where it is possible to get a large number of noise- and cut-free profiles.
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5 Conclusions

A web-based tomography application has been developed that allows users
to easily customize tomography inputs from run to run, including the input
profiles, the dimension and a range of MENT input options. This has already
greatly increased the ease of performing tomography, especially performing
many successive tomography runs.

The inclusion of basic diagnostic plots will allow users to quickly identify faulty
profiles, and hence improve the chances of successful tomography.

The application is capable of recreating phase spaces which are at least qual-
itatively similar to the measured phase spaces, and it is expected that the
emittances of the reconstructions shown here will agree with the measured
emittances. If the application is bench-marked further so that it is more trust-
worthy, it could be used to measure emittances at sections of a beamline where
direct phase space measurements are not possible.

It was found that it is not crucial to have a large number of profiles in order to
get (at the very least) a rough qualitative reconstruction, and that it is likely
better to have a smaller number (5-10) of clean profiles than many more noisy
or cut profiles.

6 Recommendations

Further benchmarking of the application, by comparisons between reconstruc-
tions and direct measurements of the phase space as in this report, is necessary
before the application is deployed.

Emittance calculations of the reconstructed phase space would allow quanti-
tative comparisons to the measured phase space.

Making the acc library as accurate as possible should be a priority in order
to improve the reconstructions.

Implementing profile smoothing and/or fitting into the application, at the level
of XML creation, may improve the feasibility of performing tomography with
noisy profiles.

Automating the steps from obtaining the profiles to writing the XML files
would greatly increase the appeal of the application to operators.
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