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Abstract: Under the TRIUMF High-Level Applications (HLA) framework,
the linear envelope optics code TRANSOPTR has been extended to include the
ISAC Medium Energy Beam Transport (MEBT) section. This note presents
the implementation and a benchmark comparison of the TRANSOPTR-MEBT
simulation with trace3D, used up to this point to perform the envelope optics
computations used to produce MEBT tunes.
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1 Introduction

TRANSOPTR, the linear optics code which computes the evolution of the second moments of
the beam distribution through various ion-optic transport elements [1] [2], including in pres-
ence of space charge [3] has been extended to include the ISAC Medium Energy Beam
Transport (MEBT) section. This section transports beams accelerated through the ISAC
radiofrequency quadrupole (RFQ) at an energy of 153keV/u into the ISAC Drift Tube Linac
(DTL), enabling further acceleration to a maximum of 1.5MeV/u for high-energy delivery to
ISAC’s experimental stations [4].

The MEBT line, shown in Figure 1, possesses no experimental destinations. In this respect,
it is very much an integral part of the ISAC-I linear accelerator, allowing for a longitudinal
and transverse matching between the RFQ and the ISAC Drift Tube Linac (DTL), a 7 tank
interdigital H-mode (IH) linac based upon the KONUS beam dynamic design [5]. While
the transverse match is accomplished using a sequence of 13 magnetic quadrupoles and
two 45° bending magnets, the longitudinal match is accopmlished using two separate RF
bunching cavities.

DTL (106MHzZ)
MEBT

Rebuncher (35.4MHz)

\Stripping Foil

: Chopper (5.9/11.8MHz)
Bunch Rotator (106MHz)

RFQ B
(35.4MHz) B

Figure 1: Overview of the ISAC-I MEBT section, joining RFQ and DTL, with labeled RF
devices.

An RF chopper operating at 5 or 11MHz removes so-called RFQ satellite peaks, which
consist of partially filled RFQ output shots which represent two out of every three acceler-
ating buckets in the linac. This is a consequence of the separated pre-bunching scheme
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of the ISAC RFQ, which uses a three-harmonic psuedosawtooth modulation with a master
frequency of 11MHz, to accopmlish a time focus at the RFQ’s acceptance [6].

A stripping foil in the section, before the horizontal bending magnets, allows for an increase
in charge state, enabling two separate functions:

1. Charge-selection filtration of unwanted beam contaminants transmitting the RFQ, and

2. Matching between the higher RFQ acceptance (A/q < 30) and the DTL (2 < A/g <
7).

This note presents the implementation of the above in TRANSOPTR, in addition to a compar-
ison with trace3D and a discussion of the details of the implementation. It is further noted
that this note does not intend to make a commentary or an evaluation of the performance
of either TRANSOPTR or Trace-3D. Rather, the present work is intended to demonstrate that
the novel MEBT beamline implementation in TRANSOPTR produces a beam envelope which
agrees with Trace-3D predictions and will therefore be suitable for use in the computation
and analysis of ISAC high-energy tunes.

2 High-Level Application Implementation

Under the TRIUMF High-Level Applications (HLA) framework [7], the traditional TRANSOPTR
element sequence stack sy . f is automatically generated through a python wrapper routine,
which reads in the requisite sequence of elements from a central database. This database,
known as the /acc database, formatted in xm1, contains a sequential ordering of all trans-
port, diagnostic and accelerating elements present along a given beamline segment.

Within the database, groups of elements are broken down into sequences, which consist of
the smallest possible number of sequential elements which define a unique path. Since, as
previously stated, the only possible path in MEBT starts at the RFQ output and ends at DTL
injection, it is natural that the MEBT section be defined as a sequence, labeled mebt_dbO,
referring to the starting diagnostic box immediately following the ISAC RFQ.

While the sequence xml file contains the locations of all elements present in the beamline,
including steering elements, beam diagnostics and aperture constrictions, for the purposes
of the present note, these will be implicitely omitted, in favor of beamline optical elements
such as quadrupoles and RF cavities. The rationale for doing so is that both diagnostics
and steerers are not used in TRANSOPTR, which assumes an on-axis beam at all times and
locations along the beampath. This is not to say that diagnostic locations are unimpor-
tant. On the contrary, knowing their precise location is crucial to predict measured beam
envelope behavior. However, given that they do not affect the envelope TRANSOPTR, in the
present note their presence is implicitely acknowledged but not explicitely discussed. Con-
sequently, the focus will be placed on ion-optical elements such as quadrupoles, bending
magnets and RF cavities.
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3 Sequence mebt_db0 and Source Material

MEBT Quadrupoles follow a design specification providing an 18.0 cm effective length [8],
designed to allow transport of beams with 1 < A/g < 30 from the RFQ. MEBT sequence ele-
ment positioning and lengths were verified using TRIUMF design drawings listed in Table 1.
Each drawing was obtained from the TRIUMF Design Office, representing the as-installed
MEBT beamline. The reference units used in each drawing are inches, and a conversion
factor of 25.4 mm per inch was used for final construction of the /acc database.

sequence mebt_db0

Start IBP0436D . dwg (X,Y)

End IBP0436D.dwg (X,y)

(217.6797,76.798”)

(32.6147,76.798")

Design Drawing Figure 2
Element Name | Element Type | Position S[mm] | Length L[mm]
start sequence marker 0.000 0.000

MEBT:Q1 MQuad 809.625 180.000
MEBT:Q2 MQuad 1414.450 180.000
ISAC1:ROTR linac 1746.415 122.500
MEBT:Q3 MQuad 2071.675 180.000
MEBT:Q4 MQuad 2892.425 180.000
MEBT:Q5 MQuad 3324.225 180.000
MEBT:STRP5 marker 4049.500 0.000
MEBT-ROTATE rt (-45°) 4049.500 0.000

Start IBP0480D . dwg (X,Y)

End IBP0480D.dwg (X,y)

(144.938",71.487”)

(84.405”,176.302")

Design Drawing Figure 3
MEBT:Q6 MQuad 4440.575 180.000
MEBT:Q7 MQuad 4700.615 180.000

MEBT:MB1 mb 5268.460 235.600
MEBT:MB2 mb 6104.080 235.600
MEBT:Q8 MQuad 6671.894 180.000
MEBT:Q9 MQuad 6971.944 180.000

Start IBPO500D . dwg (X,Y)

End IBPO500D. dwg (X,Y)

(186.1317,71.107”)

(51.9207,71.107”)

Design Drawing Figure 4
ISAC1:MEBT linac 7319.729 199.263
MEBT:Q10 MQuad 7687.656 180.000
MEBT:Q11 MQuad 7985.346 180.000
MEBT:Q12 MQuad 8283.034 180.000
MEBT:Q13 MQuad 8580.723 180.000
end sequence marker 8904.435 0.000

Table 1: Sequence mebt_db0, showing source design drawings (.dwg files) with reference
start and end coordinates from which elements and their centerpoint positions along the
optical axis, S in millimeters were extracted. Note: all MEBT design drawings use inches
as reference units, however the /acc database by convention is defined in metric units. The
TRANSOPTR element (subroutine) type, in addition to the element length are also displayed.
All element positions are referenced to the drawing listed above their respective location in
the table.
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The drift distances at all locations are computed as representing the path length through
the optical axis defining the beam path. Given that the /acc database defines drift dis-
tances with zero-insertion length for optical elements, this means that drifts are always
computed as the integrated arclength between the optical centers of adjacent elements.
For the example of two sequential magnetic quadrupoles, this is a line segment from one
quadrupole’s centerpoint to the next. However, for the case of the 45° bending magnets,
this corresponds to the length of the circular path defining the design trajectory through the
magnet.

Table 1 shows the entire span of mebt_db0 as implemented in the /acc database, show-
ing the three distinct sub-sequence segments, each referenced to the drawings specified
in the table. The first segment, which spans MEBT:Q1 to Q5, starts at the output of the
RFQ, specifically the vacuum flange point defined by the coordinates (217.679,76.798")
on drawing IBP0436D.dwg and ends at the location of the stripping foil, shown in Figure 2,
as indicated in Table 1.

A TRANSOPTR rotate call, which rotates the transverse phase space by -45° is also placed
at the location of the MEBT stripping foil. By design, magnetic quadrupoles between the
RFQ and the foil (MEBT:Q1 to Q5) are installed at a 45° tilt in the x-y plane, matching
the orientation of local (x,y) axes defined by the RFQ vanes, themselves rotated by 45°.
As the quadrupoles are engineered to sit on the beamline at a 0° angle, the remaining
8 quadrupoles (MEBT:Q8 to Q13) were installed following their design, which effectively
introduces a 45° transverse rotation with regards to the first 5 quadrupoles in MEBT. As
will be shown later, the design MEBT tune includes a double (x,y) focus on the foil, which
produces a round beamspot, after which the remainder of the x-y plane in MEBT follows
the standard orientation, with x being horizontal to the ground and y-vertical.

Next, the stripping foil location is used as a starting reference for elements MEBT:Q6 to
Q9, which includes the MEBT bending magnets, shown in Figure 3. Presently in the
TRANSOPTR implementation of the MEBT line, there is no stripping foil option available in
a self-contained subroutine. However, based on known stripping foil dynamics and be-
havior [9], work is underway to implement a charge selection routine, which will allow the
simulation of stripping foil use, complete with the corresponding emittance growth which is
expected.

At the rough midpoint of the MEBT sequence lie both 45° magnetic dipoles which define the
bend from RFQ to DTL. Both magnets, possessing a design radius of curvature of 300cm,
which results a curved optical path length of 235.6mm. The positions defining MEBT:MB1
and MB2 in Table 1 correspond to the midpoint along this curved reference trajectory. In
other words, the path length from MEBT:Q7 to MEBT:MB1 (see Figure 3) is defined as the
straight segment from Q7 to the beginning of the curved trajectory through the magnet,
plus half of the magnet path length.

Finally, the sequence mebt_db0 ends with the linear segment defined by the quadrupoles
MEBT:Q8 to Q13, leading into DTL Tank1, shown in Figure 4. This includes the MEBT
Rebuncher, which is used to establish a longitudinal focus at DTL Tank1. As specified in
Table 1, the sequence ends 323.712mm beyond MEBT:Q13 midpoint, which corresponds
to the outer surface of the first DTL tank.
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Figure 2: Design drawing IBP0436D.dwg, showing the elements represented in the /acc
database definition for sequence mebt_db0, namely MEBT:Q1 to MEBT:QJ5, visible in green,
with Q1 on the right side and Q5 on the left. Note the improprely represented radial match-
ing section on the RFQ-vanes, shown on the high-energy end of the RFQ. The beam
propagation direction runs from right to left.
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Figure 3: Design drawing IBP0480D.dwg, showing the elements represented in the /acc
database definition for sequence mebt_db0, namely MEBT:Q6 to MEBT:Q9, including
MEBT:MB1 and MEBT:MB2. The beam propagation direction runs from right to left on
the bottom figure.
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Figure 4: Design drawing IBP0500D.dwg, showing the elements represented in the /acc
database definition for sequence mebt_db0, namely MEBT:Q10 to MEBT:Q13. The se-
quence mebt_db0 ends at the outer surface of DTL Tank1. The beam propagation direction
runs from right to left. Note that the Trace-3D subsequence representing this segment
omits the MEBT Rebuncher, instead starting at its output.
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3.1 MEBT RF Cavities

TRANSOPTR accelerating (or bunching) simulations rely upon calls to the subroutine linac,
which itself expects as input a handfull of cavity design parameters. These include the RF
phase setting of the cavity and the operating frequency in MHz. As is outlined in Reference
[10], for the case of axially symmetric RF accelerating geometries, the F-matrix represent-
ing the cavity effects upon the moments of the beam distribution may be expressed as:

0O % 0 0 0 0
Ais) 0 0 0 0 0
0 0 0 £ 0 0
Fr&)=1 0 0 A 0 0 0 M
/3/
o 0 0 0 5 5
ﬁ/
0 0 0 0 B(s) -5
with the functions:
O wp
E(s)wS
B(s) = L% @)

where the parameters S = sin(wto +6) and C = cos(wtg+6) and E(s) & £’(s) is the on-axis
electric field and its derivative with respect to s, the distance along the optical axis. Provid-
ing this field mapping is therefore indispensible for implementing the envelope simulation.

3.2 Attempted Bead Pull Electric Field Extraction
3.2.1 Preface

The present subsection details an attempt made to extract the on-axis electric field maps
from existing literature. Seeing as the TRANSOPTR implementation of the MEBT section is a
novel project, no suitable field maps were readily available in a format suitable for the sub-
routine linac. On-axis electric fields may be obtained from bead pulling measurements,
available in various conference proceedings, namely [11], [12], [13], [14] and [15]. An at-
tempt was therefore made to extract the electric fields from the referenced bead pulling
data.

The available bead-pull measurements in the above references present two main chal-
lenges. First, the electric field which is extracted is an absolute magnitude and is positive
along its entire domain. Second, due to the finite size of the bead and other experimental
factors, the data may suffer from noise. Bead pulls for the Bunch Rotator (in addition to
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DTL Bunchers 1,2 and 3) are shown in Figure 5.

3.2.2 Attempted Extraction

Bead-pull field map extraction attempted to alleviate the two aformentioned challenges.
Regarding the issue of electric field sign loss, inspection of Figure 5 reveals that, in order
to restore the proper electric field morphology along the s-axis, it would be necessary to
invert two of the three peaks, to provide TRANSOPTR with a proper electric field map, which
represented the field profile at a discrete point in time, with alternatingly positive and nega-
tive peaks between adjacent gaps. Note that the fields in the figure do not ever reach zero,
but rather attain a noise level, a byproduct of the finite bead size integrating the field at its
location. Interpreting this data therefore necessitates applying some form of data process-
ing, to avoid introducing discontinuities.

E/Emax

—— #2
—A— #3

—— #1

—m— rotator

Figure 5: Bead pull measurement extracted normalized on-axis electric field, obtained from
[15], showing the on-axis electric field for the Bunch Rotator and DTL Bunchers 1,2 and 3.

A further complication lies in the obtention of the original source data from the bead pulls.
Several attempts were made by the author to obtain this information in its original format.
Following several lines of investigation however, it was concluded by the author of the
present note that obtaining this data is not possible. This may be attributed to two facts:

e The measurements were carried nearly 20 years ago, and

e The source data was not saved on controlled information systems
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Thus, due to both the age of these measurements, staff rollover, changes in computing
technology including staff members periodically changing personal computers, the above
data is at present considered lost. Nevertheless, an attempt was made to extract this data
from the available figures, using the image digitization software engauge, which allows for
the extraction of datasets from various image formats, including pdf [16]. Systematic er-
rors from the digitization extraction process are estimated as spanning a few pixels in both
x and y dimensions, producing a variable error which ultimately depends on the range of
the dataset x and y axes. To provide a reasonable example for these values, the author
estimates an uncertainty corresponding to the linewidth on the source image, producing a
systematic error whose value is on the order of 1%. Digitization of one of the curves shown
in Figure 5, including the inversion of the odd-numbered peaks is shown in Figure 6. As an
initial test, the field sign was inverted at the location of the starts/ends of the tubes in the
accelerating structure.

E2/EZmax

S [cm]

Figure 6: Digitized, extracted and restored normalized on-axis electric field, obtained from
Figure 5, showing noise from the measurement in addition to sharp discontinuities intro-
duced from inverting the dataset.

Note that data extraction necessitated full line extraction, including the artifical trendlines,
which are meant to guide the eye but do not represent an actual electric field profile. It was
found that attempting to extract individual datapoints was too difficult due to graph data-
point clutter in the regions where the data overlaps, due to the monochrome plotting which
was used. Despite this, usage of extracted bead pulls still presents a series of issues with
regards to the interpretation of the data. The issue of noise is the most pressing. Also,
as previously discussed, since the bead pull offers an absolute value, when attempting to
restore the original field profile, inverting peaks introduces sharp discontinuities (therefore
sharp electric field derivatives), which will result in unphysical kicks to the beam distribution
as it traverses the restored field map.

Following numerous attempts, the idea of field map digitization and postprocessing was
abandoned, due to the excessive number of approximations and choices which had to be
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Cavity ref. DWG
Bunch Rotator | IRF0965D.dwg*
Re-buncher IRF1811D.dug

Table 2: Design drawings obtained from TRIUMF Design Office for each of the two bunch-
ing MEBT RF cavities. * Note, for the Bunch Rotator, the drawing is a digitized adaptation
from the original INR-RAS schematic. The digitization process failed to properly interpret
the original cyrillic characters from the Russian drawing rendering much of it unreadable.
Further, possibly as a byproduct of digitization, the dimensions shown in the drawing dis-
agree with the digitized coordinate by a ratio of 2:1. Further, the drawing’s TRIUMF stan-
dard footnote erroneously claims that the dimensions are inches. In fact, the dimensions
of the Russian drawing are millimeters. In practice, this means that attempting to measure
distances in any digital drawing software will produce units that must be multiplied by 2 and
are actually mm, not inches.

made, each considered to introduce supplemental systematic errors. Instead, an electro-
static simulation suite, Opera2D was used, combined with the original design drawings, to
produce on-axis electrostatic field maps for use in the TRANSOPTR linac calls.

3.3 O0Opera2D RF Cavity Simulations

Using the electrostatic code Opera2D [17], in addition to the original digitized design draw-
ing, shown in Table 2, a Bunch Rotator on-axis electric field profile suitable for TRANSOPTR
F-matrix computation were produced, shown in Figure 9. The physical dimensions defining
the tube gaps and other physical parameters used in the simulation are listed in Table 3.
The tube geometry, as implemented in Opera2D features rounded edges, whose radius of
curvature was extracted from the same design drawings, shown in Figure 7.

Parameter Value [in]
Start 0.0000
ground tube end 0.9375
tube 1 start 1.2271
tube 1 end 2.1298
tube 2 start 2.6732
tube 2 end 3.5759
ground tube start 3.8189
ground tube end 4.8228
aperture radius 0.2756
radial tube thickness 0.3150
inner-tube rounding radius | 0.07874
outer tube rounding radius | 0.19686
full field-map length 4.8228

Table 3: Physical dimensions extracted from drawing IRF0965D . dwg for the Bunch Rotator.

The MEBT Rebuncher was also simulated in Opera2D, based on the design drawing spec-
ified in Table 4, shown in Figure 8, with simulation parameters specified in Table 4. The
Rebuncher on-axis electric field is shown in Figure 10.
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Figure 7: Digitized design drawing for the MEBT Bunch Rotator, originally from INR-RAS,
used for Opera2D field map generation. Note the transliteration errors representing original
cyrillic characters. Dimensions as shown in the drawing are in millimeters, and are valid.
Obtained from the TRIUMF Design Office.
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Parameter Value [in]
Start 0.0000
ground tube end 1.6940
tube 1 start 3.1115
tube 1 end 4.7335
ground tube start 6.1510
ground tube end 7.8450
aperture radius 0.3937
radial tube thickness 0.2524
inner-tube rounding radius | 0.1262
outer tube rounding radius | 0.1262
full field-map length 7.8450

Table 4: Physical dimensions extracted from drawing IRF1811D.dwg for the MEBT Re-
buncher.

Vs WA
SRR IRS:

N
N/

Figure 8: Digitized design drawing for the MEBT Rebuncher, used for Opera2D field map
generation. Obtained from the TRIUMF Design Office.
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Figure 9: Opera2D simulated normalized on-axis electric field for the MEBT Bunch Rotator,
using the parameters specified in Table 3.

0O 2 4 6 8 10 12 14 16 18 20
S [cm]

Figure 10: Opera2D simulated normalized on-axis electric field for the MEBT Rebuncher,
using the parameters specified in Table 4.
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4 Comparison with Trace3D

The envelope calculation code Trace3D has, up to this point, been the principal tune in-
vestigation and computation software used for the MEBT section. The code, developed at
Los Alamos National Laboratory, computes the envelopes of bunched beams and includes
computation of linear space charge forces [18]. As TRANSOPTR is intended to supplant and
obviate Trace3D usage for ISAC high energy tune computation and investigation, a quanti-
tative envelope comparison for identical beam input parameters is in order.

A mass 30, 4.5MeV (0.15MeV/u) beam, corresponding to the upper design mass-to-charge
acceptance limit of the RFQ, was simulated through MEBT in both Trace-3D and TRANSOPTR.
The parameters used for the simulation are shown in Table 5.

param. value unit
m 27944.34 MeV/c?
E 4.50 MeV
1 0.0 mA
Q1 1 -
Qs 5 -

Table 5: List of beam parameters used for the TRANSOPTR & Trace-3D comparison. @ is
the charge state before the foil, Q¢ is the charge state after the foil, starting at MEBT:Q6.

4.1 Trace-3D Simulation

The Trace-3D implementation for the MEBT beamline is segmented into three sections, fol-
lowing those outlines in Table 1. As it is presently used MEBT tune computation, the model
excludes simulation of the MEBT stripping foil. Instead, the foil effects are accounted for by
increasing the charge state and input transverse and longitudinal emittances between the
segments containing MEBT:Q5 and MEBT:Q6.

The present simulation transported an RFQ output beam, mass 30, charge state 1, at an
energy of 0.15MeV/u up to the stripping foil, where its charge state was increased to 5. In-
spection of Figure 11, showing the sub-sequence containing MEBT:Q1 to Q5, shows that
the MEBT tune is designed to produce a double transverse focus in (z, y) on the stripping
foil. In the following segment, shown in Figure 12, showing the sub-sequence containing
MEBT:Q6 to Q9, one can observe how the input beam distribution has simply seen its emit-
tance roughly doubled, and the charge state has been increased from 1 to 5. The effect of
the bunch rotator may also be seen in Figure 11, as seen on the longitudinal envelope. It
is noted that in the formalism of Trace-3D, RF cavities are approximated as discrete kicks
to the envelope, which produces a sharp kink on the longitudinal envelope in Figure 11.

The two 45° bending magnets MEBT:MB1 & MB2’s effect on the beam envelope is visible
in Figure 12, with the final focus through MEBT:Q9 producing a transverse match at the
location of the MEBT Rebuncher. The effect of the rebuncher, omitted from the original
Trace-3D simulation is implicit, visible at the start of Figure 13, in which the longitudinal
envelope starts off with a much broader emittance. The longitudinal twiss parameters at
the input are chosen to produce a time focus at the very end of the sub-sequence defined
from MEBT:Q10 to Q13, coinciding with the input of the first DTL tank.
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BEAM AT NEL1= 1 I 0.0mA BEAM AT NEL2= 13
H A= -2.3500 B= 0.98000 W= 4.5000  4.5000 MeV H A= 1.46499E-02| B= 0.11278
V A= 0.14000 | B= 0.10700 FREQ= 106.08MHz ~ WL=2826,10mn V A= 1.84331E-02| B= 0.11307

N EMITI=  5.570 5.570  315.00
N EMITO=  5.570 5.570  315.00

| ' N1= 1 N2= 13
| PRINTOUT VALUES
| ! PP PE VALUE

MATCHING TYPE = 8
DESIRED VALUES (BEAMF)
algha beta
0.0000 0.1000

y 0.0000 0.1000
I MATCH VARIABLES (NC=4)
' MPP MPE VALUE

X

| 1 2 13.93534
" L e
5.000 mm X 10.000 mrad 1 10 1688605 5.000 mm X 10.000 mrad

CODE: Trace 3-D v69ly

Z A= 1.2000 B= 0.80000 Z A=-0.74668 B= 0.86157
R FILE: mebtlwb.t3d

o DATE: 05/13/2019
Lo TIME: 07:38:16
\ \ ’ !
\ ! // '
T \
\ \ / /)
\ ! !
|
90.000 Deg X 50.00 keV 90.000 Deg X 50.00 kev
NPI= 1 NP2=_ 13
20.00 mm (Horiz) 100.0 Deg (Long.)

20.00 mm (Vert) Length=4012.75mm

Figure 11: Trace-3D envelope simulation of sub-sequence spanning MEBT:Q1 to
MEBT:Q5. The horizontal envelope and its parameters are shown in blue, horizontal in
red and longitudinal in green. The input beam ellipses containing 4ega;s are shown on the
left hand side, with A and B representing the Twiss parameters a and g, while the output
distributions are on the right hand side. The input and output beam emittances are visible
in the top center, labeled EMITI and EMITO, respectively, and have units of mm*mrad for
transverse and deg*keV for longitudinal. The beam envelopes are shown at the bottom,
following the same color convention. The location and lengths of quadrupoles are repre-
sented by the squares labeled Q, while the approximated bunch rotator is visible as a short
vertical line labeled G (RF Gap). Drifts are represented by a black horizontal line at the
lower graph midplane. Finally, the numbers on the lower graph, spanning 1 to 13, sequen-
tially label all elements called in the simulation. Quadrupole gradients are shown in Table
6.
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PRINTOUT VALUES
PP PE VALUE
MATCHING TYPE = 8
DESIRED VALUES (BEAMF)
algha beta
X 0.0000 0.1000
y 0.0000 0.1000
MATCH VARIABLES (NC=4)
MPP MPE VALUE
1 2 -11.57329
1 4 7.44378
1 15 7.4497
3.000 mm X 20.000 mrad 117 1157329 3.000 mm X 20.000 mrad
Z A=-0.23000 B= 0.31000 Z A= 2.0647 B= 1.5960
N CODE: Trace 3-D v691
iR FILE: mebt2-april2012.t3d L
o DATE: 05/13/2019 VN
| \‘ TIME: 07:38:28 v
| | ! \
| \
I
T
] \
| \
| I \
1 \
! 1 \ \
\ 1 N \
90.000 Deg X 50.00 keV 90.000 Deg X 50.00 kev
NPI= 1 NP2=_ 18
20.00 mm (Horiz) 100.0 Deg (Long.)
\
Q Q i B H Q Q
! 2 |3y ; 7 |8 9 10 11 12 ({13 . 14 TU15-f 16 17| 187
20.00 mm (Vert) Length= 3271.24mm

Figure 12:

Trace-3D envelope simulation of sub-sequence spanning MEBT:Q6 to

MEBT:Q9. The horizontal envelope and its parameters are shown in blue, horizontal in
red and longitudinal in green. The input beam ellipses containing 4ega;s are shown on the
left hand side, with A and B representing the Twiss parameters a and g, while the output
distributions are on the right hand side. The input and output beam emittances are visible
in the top center, labeled EMITI and EMITO, respectively, and have units of mm*mrad for
transverse and deg*keV for longitudinal. The beam envelopes are shown at the bottom,
following the same color convention. The location and lengths of quadrupoles are repre-
sented by the squares labeled Q. Drifts are represented by a black horizontal line at the
lower graph midplane. Finally, the numbers on the lower graph, spanning 1 to 18, sequen-
tially label all elements called in the simulation. Quadrupole gradients are shown in Table

6.
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Alpha Beta
X —1.5600 0.1500
y -1.0400 0.1400
CODE: Trgcg 351(31 v69ly
FILE: mebt3.t
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Figure 13: Trace-3D envelope simulation of sub-sequence spanning MEBT:Q10 to
MEBT:Q13. The horizontal envelope and its parameters are shown in blue, horizontal in
red and longitudinal in green. The input beam ellipses containing 4erass are shown on the
left hand side, with A and B representing the Twiss parameters a and g, while the output
distributions are on the right hand side. The input and output beam emittances are visible
in the top center, labeled EMITI and EMITO, respectively, and have units of mm*mrad for
transverse and deg*keV for longitudinal. The beam envelopes are shown at the bottom,
following the same color convention. The location and lengths of quadrupoles are repre-
sented by the squares labeled Q. Drifts are represented by a black horizontal line at the
lower graph midplane. Finally, the numbers on the lower graph, spanning 1 to 9, sequen-
tially label all elements called in the simulation. Quadrupole gradients are shown in Table
6.
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4.2 Trace-3D Element Setpoints

The MEBT quadrupole magnetic field gradients produced by Trace-3D for the MEBT en-
velopes shown in Section 4.1 are shown in Table 6. Note that Trace-3D does note define
quadrupole apertures and as such produces field gradients. On the other hand, TRANSOPTR
does define magnet aperture radius and defines the quadrupole strength using the pole tip
field.More information on ISAC HE quadrupoles may be found in [19].

Magnet Aperture [cm]  Gradient [T/m]

MEBT:Q1 2.6 13.9353
MEBT:Q2 2.6 —18.8808
MEBT:Q3 2.6 4.5847
MEBT:Q4 2.6 16.8600
MEBT:Q5 2.6 —18.7872
Q:1—5
MEBT:Q6 2.6 —11.5733
MEBT:Q7 2.6 7.4497
MEBT:Q8 2.6 7.4497
MEBT:Q9 2.6 —11.5733
MEBT:Q10 2.6 2.9500
MEBT:Q11 2.6 —8.1400
MEBT:Q12 2.6 8.9700
MEBT:Q13 2.6 —5.6400

Table 6: Trace-3D MEBT quadrupole field gradients for the envelope simulations shown in
Figures 11, 12 & 13, corresponding to an A/q = 30, 0.15MeV/u RFQ output beam injected
in the MEBT section. The beam is stripped to a charge state of 5 at the foil, between
MEBT:Q5 and Q6.

4.3 TRANSOPTR Simulation of the MEBT Beamline

The sequence mebt_db0 in the /acc database was used to generate three separate TRANSOPTR
sy . £ call stacks, which represent the identical sub-sequences used for the Trace-3D simu-
lations shown in Figures 11, 12 and 13. For the purposes of this simulation, the Rebuncher
was omitted from the final sequence, to closely replicate the original simulation. The en-
velopes were extracted from Trace-3D and overlayed to the TRANSOPTR ones for each of
the subsequences, with the results presented in Figure 14.

Regarding the amplitude setting of the bunch rotator for Figure 14, the TRANSOPTR value
was found at 4.2MV/m which, considering the central rotator gap of 1.38cm, corresponds
to approximately +30kV applied on the two central tubes of the cavity, to produce a time
focus at the stripping foil location. This figure is consistent with the quoted maximum value
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of £35.5KkV, noted in reference [20].

In terms of agreement, it is noted that the envelopes qualitatively agree for each of the sub-
sequences shown in Figure 14. A quantitative comparison between the model envelopes
was performed via python. All datasets from TRANSOPTR and Trace-3D were linearly inter-
polated, and the difference in percentage computed, shown in Figure 15.

For all sub-sequences and envelopes, both transverse and longitudinal envelope disagree-
ment between models remains bound between +£0.05cm. Such a small maximum error lies
within the approximate detection threshold of the beam diagnostic equipment in the MEBT
section, for example rotary position monitors (RPMs). In the longitudinal dimensions, given
the MEBT design beam energy of 0.15MeV/u (RFQ output energy), a 0.05cm longitudinal
envelope discrepancy corresponds to a time interval:

which, for the values used in the present simulation, from Table 5:

_ A0
T 27044
1
B=+(1- ﬁ)
8 =0.0179

inserting the maximum order of magnitude error value of 0.05cm, this produces a longitu-
dinal bunch length in units of time corresponding to:

_*
= 5
At ~ 0.09ns

At

which means a timewidth error on the order of one tenth of one nanosecond, which is near
the resolution threshold for the time-resolving fast faraday cup in the MEBT section.

For the transverse case, to understand the magnitude of a 0.05cm beam envelope dis-
crepancy, it is useful to consider the rotary position monitors (RPMs) in MEBT, which
follow the standard ISAC design. the devices read in the beam current distribution in
both = and y, producing a position-dependant current readback, revealing the envelope.
The current vs position readings are discretized on a 500 point grid, and the x and y do-
mains spas 1 inch each. This roughly corresponds to approximately 0.002inch/datapoint,
or 0.005cm/datapoint, meaning an envelope variation of this magnitude would be difficult
to discern on the RPM readback utility.
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Figure 14: TRANSOPTR envelope simulation (solid lines), overlayed with the Trace-3D enve-
lope (dashed lines), for the sub-sequences spanning MEBT:Q1 to Q5 (top), MEBT:Q6 to
Q9 (middle) and MEBT:Q10 to Q13 (bottom). The horizontal envelopes are shown in blue,
vertical in red and longitudinal in green. Element names, as represented in the TRANSOPTR
sequence mebt_db0 are shown vertically at the graph midplanes. All x and y-axis dimen-
sions are in cm.
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Figure 15: TRANSOPTR-Trace-3D envelope residual error in cm, for the sub-sequences
spanning MEBT:Q1 to Q5 (top), MEBT:Q6 to Q9 (middle) and MEBT:Q10 to Q13 (bottom).
The horizontal envelope differences are shown in blue, vertical in red and longitudinal in
green.
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5 Conclusion

In this note, a novel implementation of the envelope code TRANSOPTR, via the TRIUMF High-
Level Applications framework was demonstrated to produce simulations consistent with the
envelope code Trace-3D. The former was, up until 2019, used as the standard tool for en-
velope analysis and tune computation for the ISAC-MEBT section. Qualitative and quantita-
tive comparison of envelope simulations from both codes demonstrate a strong agreement
in terms of both transverse and longitudinal envelope behavior along the MEBT section. As
such, it is reasonable to conclude that, in terms of performance and capability, the present
TRANSOPTR implementation for the MEBT section is at least equivalent to that offered by
Trace-3D, paving the way for the extension of the former as the premier simulation pack-
age for ISAC high energy tuning and analysis. In addition, the present implementation is
a central requirement for the establishment of an end-to-end model for ISAC-| accelerators.

A possible point of further development for the MEBT simulation would be the implemen-
tation of a custom TRANSOPTR subroutine of the MEBT quadrupoles. At present, each
quadrupole calls the subroutine MQUAD, which is supplied with an 18.0cm effective length.
While this can be considered a first order simulation, a refinement would be to use the
measured quadrupole effective length for each device, in addition to the implementation of
a realistic fringe field, which would add to the accuracy of the simulation.

As a measure of completeness, it is reiterated that the present investigation does not claim
to make a commentary on the performance of either model. Further, it is reiterated that
more calibration work is necessary with regards to the TRANSOPTR implementation of the
bunching cavities, namely the Bunch Rotator and the MEBT Rebuncher. However, the
present work does demonstrate that a high degree of longitudinal envelope agreement may
be reached between models, for physically plausible voltages applied on the TRANSOPTR
modelled Bunch Rotator, namely + ~35kV on the central tubes.
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