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Abstract: This documents presents the preliminary scientific and technical proposal by the 
Separator for Capture Reactions (SECAR) Collaboration for the SECAR project at the ReA3 
reaccelerated beam facility at Michigan State University. SECAR will form an experimental 
endstation at ReA3 optimized for the direct detection of the recoils produced by proton- and 
alpha-capture reactions on proton-rich unstable nuclei. The reactions measured at SECAR will be 
those critical for the energy generation and element synthesis in stellar explosions. This Report 
presents an overview of the SECAR project, the scientific motivation, and the Pre-Conceptual 
Design of the system.  
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1. Introduction 
The SEparator for CApture Reactions (SECAR) Collaboration is proposing an equipment project 
for the Department of Energy (DOE) Office of Science, Office of Nuclear Physics. The project 
involves the fabrication of a recoil separator system optimized for nuclear astrophysics 
measurements at the ReA3 reaccelerated beam facility at National Superconducting Cyclotron 
Facility (NSCL) at Michigan State University. This document is the pre-conceptual design 
proposal for this project. Following this introduction, we will present the scientific motivation for 
the project and the essential features of the conceptual design. The project cost, schedule, and 
management approach will be described in separate documents.  
 
1.1. FRIB, ReA3, and the SECAR Collaboration 
The Facility for Rare Isotope Beams (FRIB) will be the premiere low energy nuclear science 
facility in the world when it becomes operational in 2022. Currently under construction on the 
campus of Michigan State University (MSU), FRIB will utilize a unique approach that combines 
the advantages of beams produced by fast fragmentation with those of beams accelerated from 
rest. Specifically, FRIB will use a new 200 MeV/u LINAC to produce very short-lived species 
via fast fragmentation, stop these in a gas, and reaccelerate them from rest in a new 
postacceleration LINAC to give superlative beam characteristics. FRIB is the highest priority for 
the low energy nuclear science community, and has endorsements from the NSAC Long Range 
Plan, the RISAC task force, and numerous other review panels and reports.  
 
NSCL has recently been reconfigured so that its existing heavy ion accelerators provide fast 
fragments that are routed to a new gas stopper and the first 3 MeV/u phase of the postacceleration 
LINAC. Dubbed the ReAccelerated beam (ReA3) facility, ReA3 is now operational at MSU 
NSCL and has already delivered low-intensity radioactive beams to the low-energy hall for a 
number of experiments. Once FRIB is completed, the system will stop and reaccelerate the 
intense fast fragments produced by FRIB.  
 
There is a strong overlap of the beam species anticipated at FRIB with the unstable nuclei whose 
thermonuclear capture reactions power novae, X-ray bursts (XRB), and other stellar explosions. 
For this reason, the direct measurement of such capture reactions is a critical component of the 
science program planned at FRIB. The Separator for Capture Reactions (SECAR) will be a 
dedicated experimental endstation that is optimized for these measurements.  
 
The SECAR Collaboration had its genesis in an earlier group formed in 2004 with the goal of 
constructing a recoil separator for astrophysics measurements at the Rare Isotope Accelerator 
(RIA). When RIA was transformed into FRIB, the SECAR collaboration was formed to reaffirm 
the science need, plan experiments, and design a device that will improve our understanding of 
stellar explosions via measurements with radioactive beams from FRIB. The SECAR 
collaboration submitted a proposal in 2008 in response to a DOE call for experimental equipment 
at FRIB.  
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3. SECAR Pre-Conceptual Design 
 
At ReA3 and FRIB, the combination of fast beam fragmentation, gas stopping, and reacceleration 
will produce intense beams of short-lived proton-rich radioactive nuclides, many of which play 
important roles in stellar explosions. Of these, capture reactions have been directly measured on 
only a few. To take full advantage of the tremendous physics opportunity represented by these 
radioactive beams, the SECAR collaboration has generated a pre-conceptual design for a 
separator system that will enable direct measurements of capture reactions on nuclei as heavy as 
mass 65. In the following sections, we discuss our general approach, design methodology, 
physics-based design considerations, our specific Technical and Design requirements, our pre-
conceptual design, and our ion-optical calculations and simulations to demonstrate that we meet 
these requirements.  
 
3.1. General Approach 
In this section, we first describe the need for a dedicated, optimized recoil separator for direct 
inverse kinematics measurements of capture reactions for stellar explosion studies. We then 
discuss our specific method for designing such a separator.  
 
3.1.1. Recoil Separators for Inverse Kinematics Measurements 
Since the reactions of interest involve the capture of protons or alphas on p-rich unstable nuclei 
that are so short-lived that they cannot be made into a target, direct measurements require an 
inverse kinematics approach wherein a heavy, proton-rich radioactive ion beam bombards a 
hydrogen or helium gas target. Measurements of these low-yield reactions require an efficient 
detection of either the heavy capture reaction product – the recoil – or the capture gamma ray, or 
both. Since the mass of nuclei in the incident beam is so much greater than that of the target 
nuclei, conservation of momentum results in all recoils being emitted downstream in the forward 
direction in the laboratory reference frame. The rather tight opening angle, typically less than 1.0o 
from the beam axis, makes high-efficiency recoil detection possible. Since capture gamma rays 
are emitted in all directions, recoil detection is the preferred measurement approach for its high 
efficiency. Another effect makes sole reliance on capture gamma rays problematic: the intense 
(~MHz) background of 511 keV gamma rays resulting from the positron decay of beam particles 
scattered near the target. This background makes it difficult to discriminate the low-yield capture 
gamma rays in singles mode. However, recoil-gamma coincidence measurements are a very 
useful tool and are discussed in detail in Section 4.5 below.  
 
The challenge of detecting the recoils is that they are traveling in the same direction as the 
unreacted beam particles that have intensities ~ 1011 – 1015 times higher. A device is needed to 
collect, identify, and count the recoils in this intense background of unreacted projectiles. 
Standard charged-particle detectors, including Silicon strip detectors, gas ionization counters, and 
plastic scintillators, cannot by themselves discriminate the recoils from the projectiles because of 
the high event rates from beam particles. The solution accepted in the field and commonly 
employed (Figure 3.1) [Smi91] is a recoil separator immediately downstream of the target that 
performs three tasks: collects (i.e., focuses) the diverging recoil particles; transports the recoils 
towards a charged-particle detector for identification and counting; and physically separates (i.e., 
steers away) the intense flux of unreacted beam particles.  
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Figure 3.1. Schematic diagram of recoil separator for inverse kinematics capture reaction 
measurements [Smi91]. 
 
3.1.2. Need for a Dedicated and Optimized Separator  
For (p,) and (,) reactions, the recoil detection approach is particularly challenging because the 
recoils and unreacted projectiles have nearly the same momenta and therefore cannot be 
separated in a simple dipole magnet or even a more complex spectrometer or spectrograph. 
Rather, a combination of electric and magnetic dipoles, forming a recoil separator system, is 
necessary to separate the beam and recoils on the basis of their mass differences. Furthermore, 
given the similarity of the projectiles and recoils, a specialized system with very high mass 
separation is needed to achieve the required extreme suppression of projectiles (up to 10-13 
physical rejection from the separator alone). Additionally, at the low energies of interest, several 
charge states of both the beam and recoils are produced in the gas target; therefore, modern 
systems employ a magnet system that selects a single charge state. It is generally accepted that a 
multi-purpose electromagnetic system cannot achieve the level of performance needed for these 
experiments [Reh97]. Additionally, the low capture reaction yields (§2.4.5) require 100% 
transmission of the recoils and long duration measurements, which reinforces the need for a 
dedicated system. 
 
3.1.3. Viability of this Approach  
The viability of measuring proton capture reactions in inverse kinematics with a recoil separator 
was demonstrated in 1991 with a small system at Caltech [Smi91]. Since then, other separators 
have been built for this technique, including DRAGON [Hut03], the DRS [Fit05], ARES 
[Cou03], ERNA [Sch04], and St. George [Cou08]. More details about these systems are given in 
§3.4.3. Reactions that have been measured include 7Be(p,)8B [Bar09], 17F(p,)18Ne [Chi09], 
21Na(p,)22Mg [Bis03], 23Mg(p,)24Al [Eri10], 26Al(p,)27Si [Rui06], and upper limits have been 
measured on 18F(p,)19Ne [Reh97] and 19Ne(p,)20Na [Cou04]. 
 
3.1.4. Recoil Separator Design Methodology  
To design a separator that makes these challenging measurements possible, we utilized the 
following methodology. First, the science program that we envision for SECAR, described in 
§2.3, drives a number of Science Requirements including the type of reactions as well as the 
relevant range of isotopes, energy, and resonance strength sensitivity. These Science 
Requirements are summarized in Table 2.3 in §2.5. We then identify (in §3.2 and §3.3) a number 
of critical reactions to measure, as well as a number of important physics issues such as reaction 
kinematics, projectile rejection, and multiple scattering that have significant implications on the 
separator design. Our consideration of these issues, together with the Science Requirements, 
drives a set of Technical Requirements for our system. These requirements, listed in §3.4.1, 
include suppression of projectiles and acceptances in recoil angle, energy, and rigidity. These in 
turn drive a set of Design Requirements, which notably include a translation of required projectile 
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suppression into required mass resolution. The Design Requirements are described in §3.4.2. We 
then devised an ion-optical separator concept (§3.5) to meet these requirements, and performed 
extensive ion-optical calculations to determine an optimal system configuration and component 
specifications of the electromagnetic elements. Finally, we performed a variety of additional 
simulations on the anticipated performance of our system (§3.10) to verify as best as possible that 
our design concept satisfies our Science, Technical, and Design Requirements.  
 
3.2. Design Considerations 
 
3.2.1. Overview  
There are a number of physics-based considerations that drive the design of the recoil separator. 
Of these, the low yield of capture reaction recoils per incident projectile is of primary importance, 
requiring a 100% transmission of the system for recoils. To define the basic Technical and Design 
Requirements of the system, such as the maximum magnetic rigidity, angular acceptance, and 
momentum acceptance, we have calculated the kinematics of numerous important reactions of 
interest that cover the full range of planned reaction studies. Many other effects also play a role, 
including the dependence of derived resonance strengths on absolute yields, multiple scattering, 
limitations in beam intensity/purity/focus, and very low beam energies. These considerations 
impact our requirement of high mass resolution, focal plane detectors, separator components 
number/type/size/layout, target system, and auxiliary detectors. The following subsections 
describe these effects and their impact on the separator design. A number of these effects have 
overlapping design implications that are also noted below. 
 
3.2.2. Low Recoil Yield and Forward-Directed Recoil Cone  
As discussed in §2.4.5, the capture reactions we are interested in have low yields, with typically 
only 1 recoil being produced for every 1011 – 1015 incident beam particles. Furthermore, the 
rejection of unreacted projectiles, to the level of up to 10-17 for the entire system (physical 
separation from the separator combined with separation obtained from detection systems), is the 
key requirement of the separator because both the beam and the recoils are directed forward into a 
narrow angular cone.  
 
Projectile Suppression and Mass Resolution 
As discussed in detail in §3.3 below, achieving this extreme degree of projectile suppression 
requires a very high mass resolution, more than about a factor of 10 larger than that 
corresponding to the relative mass difference between the beam and the recoils. This requirement 
of a very high mass resolution in turn drives the overall ion-optical layout and the number and 
type of components of the system, in particular our choice to use Velocity Filters.  
 
Charge State Selection 
Another key ingredient to achieving high projectile suppression is to select one charge state q of 
the recoils. This will eliminate approximately half of the flux of both the beam and the recoils. It 
is advantageous to make this selection at the front end to be as far from the final separator focus 
as possible to minimize scattering of rejected charge states into the focal plane detection system. 
This was illustrated in a measurement of 3He()7Be with the ERNA separator, where a charge 
state selection is made near the focal plane, and the dominant focal plane background was the 
scattering of projectiles from an upstream velocity filter electrode [Gia11a]. Since the magnetic 
rigidity is B = p/q, where p is the momentum, charge state selection can be achieved with dipole 
magnets. Charge state selection is also discussed in §3.3 below.  
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Focal Plane Detectors 
Finally, we require a focal plane detector system with the capability to identify particles on the 
basis of their atomic number Z that can provide an additional suppression of projectile 
background events by approximately a factor of 10-4.  
 
 
 
Slit Systems 
It is crucial to reduce the flux of unreacted projectiles incident on the focal plane detectors as 
much as possible to prevent the detector from being overwhelmed with background events. 
Adjustable slits can be used for this purpose. In addition to slits at well-defined locations for the 
charge selection and mass separation, access ports at the entrances and exits of all dipole magnets 
will be provided for additional flexibility to eliminate background components that may appear in 
particular experiments. See §3.2.3 for more details on slits.  
 
3.2.3. Absolute Yields  
The goal of many of our measurements with SECAR will be to determine absolute yields of 
capture reactions, especially at energies corresponding to resonances that may give the dominant 
contribution to the cross section and the reaction rate. An absolute yield on resonance can be 
converted to a resonance strength from Eq. 1 in Section 2.4.5. Absolute yield measurements 
require a number of special features that are included in our design. We first note that the number 
of particles measured at the final focal plane must correspond in a quantifiable manner to the 
number of recoils produced in the reaction in order to obtain an absolute reaction yield. The ideal 
situation would be a 100% transmission of the recoils from the entrance of the separator to the 
final focal plane. In practice, given the necessity for a charge state selection (mentioned above) 
whenever dipole magnets are employed, the optimum transmission would be 100% of a selected 
charge state. While this is typically only ~40% of the total yield, the charge state distribution can 
be measured and determined under our experimental conditions. This need for a high recoil 
transmission, and absolute counting of recoils at the final focus, has numerous implications for 
the system design. 
 
Large Bore Components 
Some  separator  systems  are  used  to  select  or  “tag”  a  reaction  channel  through  detection  of  most of 
the heavy recoils at the focal plane in coincidence with particle and/or gamma radiations at the 
target location. For such tagging separators, 100% recoil transmission is not required; if some 
recoils are stopped from reaching the focal plane because their trajectory causes them to strike the 
inner walls of some elements, analysis of the measurement is not unduly hindered. For our 
absolute yield measurements, we must ensure that all of the diverging recoils of a selected charge 
state are transmitted through our system, even those with the largest angular divergence from the 
ion-optical axis. This requires the use of elements with large inner diameters, often greater than 
20 cm depending on the predicted envelope of recoils; this is discussed further in §3.5.2. A 100% 
transmission is especially challenging in capture reactions because the intensity of the recoils 
within the kinematic cone may be concentrated in the largest angles, as shown in Figure 1 of Ref. 
[Gia2011]. 
 
Slit Systems  
Our use of a separator for absolute yield measurements requires that we use slits differently than 
they are used in, for example, tagging spectrometers. In that application, slits are positioned 
(inserted/extracted) to intercept groups of particles that would, if allowed to pass, cause a 
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significant background at the final focal plane. If such slits also intercept a portion of the recoils 
of interest, analysis of the data is not unduly hindered. For our measurements, however, we must 
ensure that all recoils of a selected charge state are transmitted to the final focal plane for 
counting, and we cannot have the slits intercepting the recoils of interest. We therefore need to 
design our slit systems so that they can be inserted for beam tuning and diagnostic purposes, but 
then carefully repositioned for the capture reaction yield measurement so as not to block any 
recoils.  
 
 
Higher Order Corrective Elements 
The large angular and momentum acceptances in the horizontal direction and other ion-optical 
requirements call for magnets with large transverse good-field regions (GFRs). However, the 
recoils with the largest distance and angular divergence from the ion-optical axis are most 
influenced by higher-order ion-optical aberrations in the magnetic elements of our system. Such 
aberrations in our system are corrected up to 4th order using appropriate entrance and exit shapes 
of the dipoles. During system optimization, it was found that additional tunable hexapole magnets 
are beneficial and add flexibility. We have therefore included 3 hexapole magnets and one 
octupole magnet in the system. Furthermore, the first quadrupole in out system is a combined 
function magnet with a built-in tunable hexapole.  
 
Focal Plane Detectors 
For absolute yield measurements, the ion-optical system has to deliver all recoils of the same 
mass for a selected charge state to the final focus – specifically, to within the limited dimensions 
of the detector system. These detectors must then have numerous features to be suitable for 
absolute yield measurements. They need to have excellent Z identification capability so we are 
confidently counting only the correct particles, especially given the anticipated number of 
background events caused by unreacted projectiles being scattered downstream and eventually 
reaching  the  detectors.  This  “leaky  beam”  can  produce  significant  (over  a  kHz)  event  rates  in  the  
focal plane detectors, so these detectors and the data acquisition system need to handle these rates 
without saturating. Saturation would result in the total count rate ceasing to be related to the 
number of ions incident in the counter, and hence to the total yield. Using detectors with fast 
response times can reduce saturation.  This  will  also  reduce  “pile-up”  from  overlapping  detector  
signals generated by two subsequently impinging ions. Pile-up is not expected from the recoils 
alone, as their count rate will typically be very low; rather, it is the rate of leaky beam that drives 
the need for high count-rate detectors at the focal plane. Our focal plane detectors are described in 
detail in §4.4.  
 
3.2.4. Multiple Scattering  
When capture reaction recoils are produced in the target, they can potentially experience multiple 
scattering before leaving the target. This scattering effectively increases the opening angle of the 
emitted recoils. Unreacted projectiles and recoils may also scatter off of residual gas molecules 
under poor vacuum conditions. Additional scattering events result from interactions of the beam 
with the apertures, slits, and walls of the vacuum chambers. This can increase the angles at the 
target by up to 25 % and affect the particle trajectory in a less predictable way anywhere in the 
system. Such scattering impacts the separator design in a number of ways. For example, the inner 
diameters of our separator components need to be increased to take multiple scattering into 
account.  
 
High Vacuum 
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Scattering off of residual gas molecules can deflect unreacted projectiles into trajectories that 
allow them to reach the final focal plane. Conversely, when recoils scatter off of residual gas 
molecules, they can be deflected away from the final focal plane. It is therefore of utmost 
importance to operate the separator system under high (~ 2x10-7 Torr) vacuum. Results of our 
simulations of the system vacuum are given in §3.8.1.    
 
Cleanup Section 
A dipole magnet followed by a drift section can provide quite effective rejection of the portion of 
multiply scattered particles which have energies and rigidities different from the recoils of 
interest. Such  a  “cleanup”  section  is therefore implemented into SECAR and discussed in §3.5.1. 
This section also allows adjusting the beam through the detectors for optimum transmission and 
background rejection.   
 
3.2.5. Limitations of Radioactive Beam Quality  
Radioactive beams often have substantial contaminants. At ReA3, contaminants typically are 
stable nuclides from residual air in the EBIT. While contamination levels can be controlled to 
some extend through charge state choice and related EBIT breeding schemes, other constraints 
such as total rate requirements can take precedence and resulting compromises lead to beams with 
non-negligible contamination. The contaminant intensity may, in some cases, be higher than that 
of the desired beam species. Such beams are also challenging to tune, with the presence of a low-
intensity,   extended   spatial   distribution   or   “halo”   around   a   central, higher-intensity distribution. 
Such halos can cause serious backgrounds for capture reaction measurements. While some 
upstream slits and apertures will be effective in reducing this halo, a careful design of the focal 
plane detectors and diagnostic systems can help reject the remainder.  
 
Focal Plane Detectors 
Most reactions involving contaminants in the beam will produce nuclei with different Z than the 
capture recoils of interest. Therefore, an excellent Z identification capability in the focal plane 
detector will be essential to reject those background events. A high total count rate capacity in the 
detector is again essential to prevent saturation with the unwanted reaction products. Some 
reactions with contaminants, however, will produce nuclei with the same Z as the recoils of 
interest. To reject these, the capability of measuring time-of-flight (TOF) through the separator, 
and also a local TOF at the focal plane, will be essential. TOF measurements require detectors 
with fast timing signals, which are often different devices than those that produce excellent Z 
identification. Furthermore, measurement of the angle of recoils at the focal plane will be helpful 
to both correct for the variations in TOF over the large acceptance of SECAR, and to enable ray 
tracing that could improve the mass resolution at the final focus (see §3.5.1). More details of the 
focal plane systems are given in §4.4 below. 
 
Diagnostics 
While beam halos are difficult to diagnose due to their low intensities, it may be possible to detect 
them by inserting foils into the beam line and detecting elastic scattering events with well-
collimated silicon detectors. Such a diagnostic system, which would be retracted during actual 
measurements, could be coupled with low-intensity Faraday cups, slits with current read-outs, 
and beam stoppers that block the central distribution from striking the target. While not in the 
project scope, such detectors are available at NSCL and could be used in SECAR as needed. 
More information on diagnostics is given in §4.3.  
 
3.2.6. Kinematics of Important Capture Reactions  
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As discussed in Section 2, thermonuclear capture reactions on proton-rich unstable nuclei play an 
important role in novae, X-ray bursts, supernovae, and other astrophysical scenarios. Each 
scenario has different reactions that are high priority to measure, involving nuclei ranging in mass 
up to ~ 40 (novae) and ~ 100 (X-ray bursts and supernovae). In order to design our recoil 
separator system for a large range of reactions, we have assembled a list of important reactions 
that span the parameter space needed for our components. The high suppression of projectiles 
(see §3.2.3 above, and below in §3.3) and high transmission of recoils (§3.2.3 above) must be 
achieved for all of these benchmark reactions. We note that the suppression becomes more 
challenging with proton captures on heavier isotopes, because the relative mass difference 
between beam and recoil becomes smaller.  
 
Kinematics calculations were performed over the benchmark reactions to establish ranges for 
relevant parameters for our system design, in particular the required magnetic rigidity B and 
angular and momentum acceptances. For the reliable setup and tuning of the device, we note that 
it is desirable to have enough bending power in the magnets to transmit the projectiles without 
having to change the incident beam energy. Table 3.2 shows the results of the calculations for a 
range of typical proton capture reactions, together with 15O(,)19Ne and 44Ti(,)48Cr, and the 
resulting requirements for magnetic rigidities and acceptances. We show results for two extreme 
values of center-of-mass beam energies ECM and for a range of capture reactions that are 
representative for the energy range to be investigated at ReA3 and FRIB. The maximum and 
minimum rigidity of the system allows the measurements for the range of these energies for all 
reactions. 
 
Table 3.2. Parameters for a number of reactions of astrophysical interest. The magnetic rigidity of 
the beam is relevant for tuning the device and assume a likely initial charge state and no target.  

Reaction 

Ecm 
Beam 
MeV 

Q- 
value 
MeV 

dE/E 
Range 
% 

 
Recoil 
Charge 
q 

Half 
Angle, 
Recoil 
mrad 

B 
Recoil 
Tm 

E 
Recoil 
MV 

B 
Beam 
Tm 

15O()19Ne 0.5 3.529 ±3.1 3 ±15.6 0.29   1.25 0.14 
  3 3.529 ±2.1 6 ±10.3 0.35   3.75 0.35 
44Ti()48Cr 0.5 7.696 ±2.3 4 ±11.7 0.58   2.74 0.19 
 3 7.696 ±1.3 10 ±6.2 0.57   6.59 0.48 
19Ne(p20Na 0.2 2.193 ±1.3 4 ±6.4 0.31   1.88 0.21 
  3 2.193 ±0.71 9 ±3.6 0.54 12.5 0.81 
23Mg(p,)24Al 0.2 1.872 ±0.92 4 ±4.6 0.38   2.28 0.15 
  3 1.872 ±0.56 11 ±2.8 0.53 12.4 0.58 
25Al(p,)26Si 0.2 5.517 ±2.3 4 ±11.7 0.41   2.48 0.15 
  3 5.517 ±0.90 11 ±4.5 0.58 13.5 0.58 
30P(p,)31S 0.2 6.133 ±2.2 4 ±10.8 0.49   3.97 0.15 
  3 6.133 ±0.80 12 ±4.0 0.63 14.8 0.58 
33Cl(p,)34Ar 0.2 4.663 ±1.5 5 ±7.6 0.43   2.6 0.31 
  3 4.663 ±0.6 14 ±3.1 0.59 14.0 1.19 
34Cl(p,)35Ar 0.2 5.897 ±1.8 5 ±9.2 0.44   2.7 0.32 
  3 5.897 ±0.7 14 ±3.5 0.61 14.4 1.22 
37K(p,)38Ca 0.2 4.548 ±1.3 5 ±6.6 0.48   2.9 0.27 
   3 4.548 ±0.54 15 ±2.7 0.62 14.6 1.04 
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38K(p,)39Ca 0.2 5.763 ±1.6 5 ±8.1 0.49   3.0 0.27 
  3 5.763 ±0.61 15 ±3.1 0.64 15.0 1.06 
65As(p,)66Se 0.2 2.030 ±0.35 6 ±1.8 0.70   4.3 0.18 
  3 2.030 ±0.21 21 ±1.0 0.77 18.4 0.71 

 
Maximum Rigidity 
Our results indicate that a maximum magnetic rigidity of 0.8 Tm and electric rigidity of 19 MV 
are sufficient for all recoils and most of the projectiles (without the gas target), except for beams 
above mass 30 with energies at 3 MeV in the center of mass. For the few cases where 
measurements at such higher energies need to be performed, a suitable pilot beam can be 
developed to tune SECAR.  
 
 
Energy Acceptance 
Our calculations indicate that the spread in recoil energy for different reaction angles is relatively 
small, ranging from +/- 0.1% to +/- 2.3% for (p,) reactions and up to +/- 3.1% for 15O(,)19Ne. 
This gives the design energy acceptance of +/- 3.1% of our system.  
 
Angular Acceptance 
Table 3.2 also shows that the largest scattering angle for the representative reactions is ±15.6 
mrad (0.9 degrees) for 15O(,)19Ne. However, because multiple scattering and beam spot size 
broaden the angular range of recoils, we need to increase this value. Estimates of these effects 
using Monte Carlo multiple scattering simulations suggest that an acceptance of ± 25 mrad will 
ensure 100% transmission of recoils to the focal plane. By comparison, the DRAGON separator 
has a measured acceptance of +/- 20 mrad.  
 
3.2.7. Summary of Design Considerations  
The subsections above discussed design-related issues caused by low recoil yield, forward 
focusing due to inverse kinematics, dependence on absolute yields, multiple scattering, limited 
beam intensity and purity, beam halos, and the kinematics (mass, energy, rigidities, opening 
angle, energy range, charge state) of reactions we plan to study. We have folded these effects into 
our system design choices for projectile suppression, mass resolution, charge state selection, focal 
plane detectors, slit systems, component inner dimensions, multipole magnets, base system 
vacuum, diagnostic systems, maximum magnetic and electric rigidities, energy acceptance, and 
angular acceptance. Because suppression of projectiles is so crucial for our measurements, 
Section 3.3 gives further details on how this influences our separator design. The effects 
discussed in §3.2 and §3.3 are used in conjunction with the Science Requirements summarized in 
§2.5 to determine a set of Technical Requirements and Design Requirements for SECAR, 
presented below in §3.4.  
 
3.3. Projectile Rejection Considerations 
 
3.3.1. Mass Resolution 
The suppression of unreacted projectiles in capture reaction measurements is extremely 
challenging. The properties of beam and recoil particles usually used to separate two different 
particle groups – momentum, charge, position, angle – are almost identical. This is because 
capture reaction gamma rays carry off very little momentum from the reaction, and also because 
the forward kinematic cone of the recoils is directed along the same trajectories as the beam 
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projectiles. The masses of these particles, however, are different, by 1 amu (proton capture) or 4 
amu (alpha capture). This suggests that the highest separation of projectiles and recoils must be 
achieved by designing a system with the highest possible mass resolving power. Since the recoils 
and projectiles have almost identical momenta, their (slight) mass difference corresponds to a 
velocity difference. We have therefore designed a system based on velocity filters to obtain the 
necessary mass/charge (m/q) separation.  
 
We will determine the required mass resolution of our system by considering the most 
challenging case – proton capture reactions on proton-rich unstable nuclei with masses up to 
approximately 65 that are crucial for the rp-process in stellar explosions. For these reactions, the 
relative projectile – recoil mass difference can be as small as m/m = 1/65, or an inverse 
fractional mass difference m/m of 65. This latter quantity is to be compared with the mass 
resolving power Rm of the separator system. Specifically, if the projectiles and recoils had roughly 
equal intensities, then our system would only need a mass resolving power Rm of 65 to separate 
adjacent mass peaks at the focal plane. In such cases, ion-optical calculations can make a precise 
determination of the mass resolving power of a given separator design.  
 
However, because our projectile/recoil ratio is 1011 – 1015 or higher, we need to ensure that the 
recoil   peak   is   not   buried   under   the   extended   portion   (“tail”)   of   the   projectile   distribution.  Our 
system provides two locations after the velocity filters (focal planes FP2 and FP3, defined in 
§3.5) each having a very small focus, no dispersion, and large mass separation where the design 
resolving powers and resolutions are achieved. Unfortunately, the shapes of the beam 
distributions are unknown at amplitudes 11 – 15 orders of magnitude down from the peak. In fact, 
beam profiles are rarely measured at the 1% level, and experience has shown that the presence of 
beam halos – of intensities sufficiently high to see on a beam viewer – are not rare. This 
uncertainty in the distribution of projectiles makes the determination of the precise required mass 
resolving power challenging. We have therefore devised two methods to estimate this resolving 
power.  
 
Our first method involves an empirical extrapolation from the measured performance of the 
DRAGON recoil separator at TRIUMF [Hut03, Hut14]. The DRAGON system demonstrated 
adequate projectile rejection (10-11 or better) for proton capture with beams up to mass 30 – that 
is, m/m of 30. This was achieved with a mass resolution of approximately 340-480. To achieve 
similar performance up to the A=65 Science Requirement for SECAR – that is, m/m of 65 – the 
mass resolving power should be approximately twice as large, or roughly 750.  
 
Our second method involves an analytical determination of mass resolving power based on the 
assumption of a Gaussian distribution for both projectiles and recoils. While experience with 
previous separators has indicated that the distributions may not drop off as fast as a Gaussian 
(e.g., [Hut14]), our system should be designed with a resolving power that can at least reject 
projectiles with a Gaussian profile. This approximation can also allow a comparison of the 
projectile rejection of SECAR with that of other devices. With this approximation, we can define 
a Nominal Beam Rejection NBR(D) as the integral of the tail of a normal Gaussian distribution 
(x) with a standard deviation of at a distance D (in units of ) from the center of the 
distribution 
 

NBR(D) = ∫ 𝜙 (𝑥)𝑑𝑥.                                (1) 
 



Facility for Rare Isotope Beams  FRIB-M41600-RP-000055-R002 

SEparator for CApture Reactions (SECAR)  Pre-Conceptual Design Report 
 Issued 1 October 2014 

 

 

47 

This integral represents the ratio of about 95% of the counts of the reaction products in an interval 
of length ±2 and the counts of the beam tail in the same interval when the centroid is displaced 
by D standard deviations. As an example, the nominal beam rejection is 10-13 at a distance D of 
9.5.  
 
Note that this estimate does not reflect the total background expected at the location FP2 and FP3 
where the recoils are focused. The measured total background includes additional contributions 
from projectiles scattered off of residual gas molecules in the system, as well as projectiles 
scattered off of beam tubes, chamber walls, or electrodes. These other background sources are 
discussed in detail in §3.5.4 below. 
 
Nevertheless, assuming Gaussian particle distributions and just considering unscattered 
projectiles of mass A, our system should have a mass resolving power Rm = A•D of at least 620 
for mass 65, over 9.5 times larger than the worst-case inverse fractional mass difference, to allow 
measurements of the weak reaction products above the projectile tail. This would correspond to a 
nominal rejection of unscattered beam of a factor of 10-13. A more detailed description of this 
approach can be found in [Zha14]. 
 
In terms of separator parameters, the mass resolving power Rm can be expressed as 
Rm = R17/(R11·2x0), where R17 is the mass dispersion with units of focal plane mm, R11 the 
magnification with units of focal plane mm/target mm, and 2x0 is the full size of the target in the 
dispersive (horizontal) plane in units of target mm. The mass resolving power Rm is defined in 
analogy to the momentum resolving power Rp = R16/(R11·2x0) of a magnet spectrometer, where 
R16 is the momentum dispersion. 
 
The resolving power is a first order parameter. The ability to resolve adjacent peaks, or 
“resolution”, that can be measured in a recoil separator may be smaller than the resolving power 
if, for example, the focal plane image is larger than the first order image size R11·2x0 owing to 
higher order effects. A detailed discussion of our determination of the mass resolution of the 
SECAR system is given in §3.5.2.  
 
3.3.2. Charge State Selection 
When the beam projectiles reach the target, they have a single charge state. As they enter the 
target, however, interactions with the target material cause multiple charge states to be produced. 
Most of the projectiles then exit the target without any nuclear reactions, having a charge state 
distribution that is dependent on the target material, beam species, and beam energy. For those 
recoils produced via capture reactions, they also have such interactions as they exit the target. 
Hence both projectiles and recoils have charge state distributions as they enter the separator. 
Since, in our case, it is not practical to build a system large enough to allow the transmission of 
several charge states, the selection of a single charge state is performed at the beginning of the 
system. A dipole magnet can be used for this, since with a field B it charge-disperses particles of 
a given momentum p by a radius  = p/qB. SECAR, like DRAGON and other separator systems, 
uses dipoles to transmit a single charge state to a dispersive focal plane (FP1, defined in §3.5) that 
steer away and intercept other charge states with a slit system. 
 
At the low energies of interest for our measurements, typically less than 40% of the particles 
populate any single charge state. This is a key strategy to achieving high projectile suppression. 
The charge state selection with an appropriate slit system will eliminate approximately half of the 
flux of beam projectiles, essential to obtain a high projectile suppression at the focal plane. 
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Performing this separation early and in a clean, controlled way will drastically reduce leaky beam 
from scattering when beam particles hit the inner surfaces of the system.  
 
3.3.3. Velocity Filters and Components for Projectile Rejection 
Sophisticated separator systems are usually comprised of a number of sections containing 
components that together perform a particular ion-optical function. These may include focusing 
recoils diverging from the target, selecting a single mass or single charge state, steering the 
unreacted projectiles away from the central trajectory of the recoils (a  “separation  section”), or 
focusing recoils onto a detector system. Often the sections are arranged to have a point-to-point 
ion-optical focus so that slits placed at the focus can reject scattered beam particles that have been 
directed off the central trajectory.  
 
Furthermore, experience with previous generations of recoil separators and theoretical 
considerations show that multiple sequential separation sections significantly increase the 
projectile rejection as compared to a single separation section. This rejection improvement can 
occur for two reasons. First, with proper design, an extra stage can increase the mass resolution, 
and therefore the rejection of the primary projectile distribution. Second, additional stages can 
significantly suppress other sources  of  “leaky  beam”  such  as  projectiles scattering off of chamber 
walls and charge-changing reactions with residual gas molecules. This suppression arises because 
such interactions often cause significant changes in ion angle, energy, and charge, and additional 
electromagnetic components dramatically reduces the likelihood that such altered ions will reach 
the final detector system. Empirically, the necessity of additional stages was shown in studies 
with DRAGON, with the DRS, and with a prototype separator at Caltech. The first mass-
separating stage of the DRAGON system, consisting of magnetic and electric dipoles as described 
below in §3.3.3, achieved typical beam rejections of 10-7 [Hut14] for beams with mass less than 
30. The addition of the second mass-selecting stage in DRAGON, another pair of magnetic and 
electric dipoles, increased this by at least a factor of 10-4, to 10-11. These rejection levels at 
different stages were consistent with similar measurements in the DRS system. In the proof-of-
principle study of 12C(p,) at Caltech, it was found that the projectile rejection was only 10-3 when 
an electrostatic deflector was used, but increased to 10-7 when a full single-stage system (a 
velocity filter) was used, and to 10-10 when an additional dipole magnet was employed [Smi91]. 
The empirical rule of thumb from these three devices is that beam rejection can be improved by 
roughly a factor of 10-3 as additional stages are incorporated into the design. A second conclusion 
that we draw from previous systems is that our design rejection factor of 10-13 from the separator 
alone (see below in §3.4.2) cannot be achieved with a single stage regardless of mass resolution, 
due to the multiple sources of leaky beam.  
 
An appropriate focal plane detection system can further enhance the rejection of scattered beam 
by an additional factor of 10-4. Besides particle identification, this includes separation based on 
measurements of the time of flight from target to focal plane, given the different velocities of 
projectiles and recoils. Finally, a measurement of the capture gamma rays near the target in 
coincidence with the final charged particle detector will also contribute significantly to the 
rejection that can be achieved (in post-experimental analysis) of signals from scattered beam 
particles, albeit at yields that are a factor of 10 to 50 lower.  
 
There are two popular types of components that could serve as the separation section for our 
capture reactions. As discussed above, capture reaction recoils and beam projectiles have very 
similar momenta since capture -rays carry off very little momentum. Their masses differ by 1 
amu and 4 amu for (p,) and () reactions, respectively. This gives the recoils (with greater 
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mass) a slightly lower velocity than the projectiles. A Velocity filter (VF) can therefore be used to 
separate recoils from projectiles. These devices have magnetic and electric fields perpendicular to 
each other and to the ion-optical axis. Those particles with velocities v equal to the ratio of 
electric E to magnetic fields B, or v = E/B, are passed without deflection. VFs are used in the 
DRS at ORNL, the ERNA separator in Caserta, the ARES separator at Louvain – all but one of 
the recoil separator systems used for astrophysics measurements. 
 
As an alternative, a separated electrostatic dipole (ED)/magnetic dipole (MD) combination also 
separates particles on the basis of velocity. Two sequential ED/MD combinations are used in the 
DRAGON separator for projectile rejection. Additionally, three multipurpose “tagging”   recoil 
separators – the FMA at ANL, the RMS at ORNL, and EMMA at TRIUMF ISAC – use an 
ED/MD/ED combination to select a reaction channel.  
 
Designs with velocity filters have several advantages over those utilizing separate electric and 
magnetic bending. First, by having both electric and magnetic field act over the same portion of 
the ion-optical axis, VFs provide a separation of particles that is more efficient per unit length 
along the axis. Second, the magnetic and electric field ratio in a VF is chosen such that the 
particles with a velocity corresponding to that of the recoils are not deflected and follow a straight 
trajectory. This makes the ion-optics more flexible. For example, it enables the possibility of 
utilizing different absolute field strengths with the same E/B ratio to optimize the rejection of 
projectiles and to best match the dispersion of different separator sections. An ED/MD system has 
no such flexibility, since the bending radius and recoil momentum fix the field strength. A third 
advantage of VF systems is that VF electrodes are easier to manufacture since they are straight, 
while in an ED design a fixed bending radius is given by the hardware. Since electric fields are 
notoriously difficult to measure, one has to rely on the exact mechanical shape of the electrodes, 
which is significantly easier to manufacture and maintain for the straight electrodes in a VF. 
Fourth, it is common for multiple projectile groups – such as those with a different energy and 
charge state – to strike the ED electrodes rather than follow the prescribed arc trajectory through 
the device. This can lead to pitting on the electrode surface, sparking, and enhanced scattering. 
One solution is to cut slots in the central plane of the ED electrodes, but this can result in some 
field non-uniformities. For VF systems, the electric to magnetic field ratio E/B can be adjusted so 
that intense groups do not impact the electrodes. Such an adjustment, however, may represent a 
deviation from the optimized ion-optic solution to the system (e.g., the solution presented below 
in §3.5.2.). Fifth, higher separation in ED/MD systems requires a higher bend, whereas VFs can 
achieve extreme separation of particles without any bend. 
 
The compactness of the velocity filter, while offering an ion-optical advantage, presents 
numerous technical challenges. This results from the embedding of the electric dipole within the 
magnet dipole. This is one problem that is avoided in an ED/MD system: the ED chamber and 
electrode system can be made larger, reducing sparks between the electrodes and the chamber, 
and the magnetic dipoles can have smaller gaps, reducing cost. VFs have their electrostatic 
elements in a vacuum chamber placed inside a magnet, which constrains the chamber and 
electrode size and therefore their maximum electric field.  
 
We performed extensive magnetic and electric field calculations to demonstrate that these 
challenges can be minimized in a VF system. We reduced the vertical electrode height relative to 
the vacuum chamber while shaping the electrode sides in order to both enable higher electric field 
values and reduce discharging to the chamber. We devised special shapes to the electrode ends 
along the ion-optical axis using detailed field calculations to ensure that the electric/magnetic 
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field ratio E/B remains constant throughout the major part of the fringe field regions for the best 
possible velocity and mass separation. We shaped the dipole magnet pole pieces to provide a 
homogeneous field in the good field region (GFR) between the electrodes. We also designed 
magnetic field clamps to achieve a sharp magnetic field drop off that follows the shape of the 
electric field in the fringe field region. These field clamps are adjustable so that the electric and 
magnetic effective field lengths (EFLs) can be adjusted empirically to be equal. Furthermore, we 
specially designed the electrodes ends to increase the electric fringe field region for better 
agreement with the fringe field of dipole magnet with a large gap. The success of these 
calculations demonstrates that a VF system can be designed which has all the inherent advantages 
over the ED/MD systems – compact and efficient separation, flexible ion optics, straight 
electrodes, a variable field E/B field ratio, no extreme bends – along with high uniform fields that 
minimize sparking. Details of the design calculations for the SECAR VFs are given in §3.7.6. – 
§3.7.8. 
  
3.4. Performance Goals of SECAR 
 
3.4.1. Technical Requirements 
The SECAR Science Requirements given in §2.5 cannot be directly applied to design a separator 
system that can be used to carry out our science program with radioactive beams at FRIB. Rather, 
they must first be translated into Technical Requirements such as an angular acceptance, energy 
acceptance, and rigidity range. This translation is done by calculating the kinematics of the 
reactions that meet the Science Requirements, as well as by considering the related physics issues 
discussed above in §3.2 and §3.3. Since the astrophysical science case for SECAR will evolve as 
progress is made in the field, we have designed our system to be sufficiently flexible to deal with 
a very broad range of reactions. From the kinematics of important reactions presented in Table 
3.2 in §3.2.6, the relevant physics issues, and keeping this flexibility in mind, we derive the 
Technical Requirements for acceptances in angle, energy, and rigidity that are given below in 
Table 3.3.  
 
The Science Requirement of a sensitivity range for resonance strengths from 100 meV down to 1 
eV, discussed above in §2.4.5, can also be translated into a Technical Requirement for our 
system. Our sensitivity was based on measuring 100 events in an experiment lasting two weeks 
with beam intensities ranging from 107 – 1011 pps. To facilitate such a low number of detected 
events, the separator system needs to provide an almost completely background-free 
environment. Assuming at most one background event in a two-week (~106 s long) experiment, 
this corresponds to a requirement on rejection of unreacted beam particles of 10-13 to 10-17, for 
intensities of 107 – 1011 pps, respectively. This rejection is the number of events from beam 
projectiles that are indistinguishable from recoil events in the focal plane detectors divided by the 
number of incident beam particles, and represents the combined physical rejection of the 
separator system and the detection system. This projectile rejection is also listed in Table 3.3.  
 
Table 3.3. Summary of Technical Requirements for SECAR. 
Rejection by separator system 10-13 
Rejection by detection system 10-4 
Angular acceptance +/- 25 mrad 
Energy acceptance +/- 3.1% 
Magnetic Rigidity Range 0.14 – 0.8 Tm 
Electric Rigidity Range 1-19 MV 
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3.4.2. Design Requirements 
While the angular acceptance, energy acceptance, and rigidity range specified in the Technical 
Requirements can be directly used as Design Requirements for SECAR, the projectile rejection 
cannot be used in this way since it is not an ion-optical property. The conversion of projectile 
rejection into system design constraints hinges on a number of additional considerations. The first 
is that we can partition the total projectile rejection into a factor contributed by the separator itself 
multiplied by a factor contributed by the focal plane detector system. Because focal plane 
detector performance can  be   estimated  by  a  variety  of   reliable  means,   including  our   team’s  20  
years experience with detectors used for similar measurements, projectile rejection can be used as 
a valid Design Requirement for the focal plane. Once a reasonable goal has been assigned for this 
rejection (see below), the remaining rejection factor must be assigned to the separator.  
 
The second consideration is that the distribution of projectiles reaching the final focal plane, the 
“leaky  beam”,  will  vary   from  measurement   to  measurement  due   to   the  multiple   sources  of   this  
background. For example, scattering off of separator components cannot be robustly predicted as 
it depends on the reaction kinematics and corresponding separator ion-optical setup of each 
measurement. The beam species, energy, intensity, and purity, as well as the recoil species and 
energy, play a role in such scattering events, as do the positioning of slits in our system. 
Similarly, interactions of projectiles with residual gas molecules often result in a change of 
charge state, and the serious background from such interactions depends on all the factors 
mentioned above as well as on the vacuum status of the separator at the time of a measurement.  
 
Given these considerations, we decided to construct our focal plane system in a modular fashion, 
where different detectors can be inserted to optimize the signal to background for each particular 
experiment. Based on these considerations and on prior experience, a design goal of a 10-4 
rejection of projectiles is achievable by our final focus. Details on particular detectors to reach 
this goal are given in §4.4. 
 
Since a total rejection of 10-17 is a Technical Requirement, the above Design Requirement on the 
focal plane detectors necessitates a goal on a physical rejection of 10-13 by the recoil separator 
itself. In §3.3, we described two methods to estimate the ion-optical property of mass resolving 
power required to achieve this level of rejection of unreacted projectiles. Extrapolating from the 
performance of the DRAGON system, which achieved rejections of 10-11 or better with a 
resolving power of 340 – 480 for m/m of 30, we will need a resolving power at least twice that 
high (~ 750) to obtain a similar performance up to m/m of 65.  
 
We also developed a formalism to determine the mass resolving power needed to allow 
measurements of the recoils above the tail of an intense projectile distribution. In practice, higher 
order effects need to be taken into account, and the critical quantity becomes the mass resolution. 
This required mass resolution, which is a function of both the ratio of recoils to projectiles 
(reaction yield) and the recoil mass, was determined analytically in the special case of Gaussian 
shapes for the beam and recoil distributions. With this approach, a mass resolution of 620 is 
required to achieve a Nominal Beam Rejection of 10-13 for recoils of mass A=65. However, 
additional leaky beam beyond Gaussian tails is certainly expected from the variety of sources 
described above. For this reason, the value of 620 is a minimal requirement for the mass 
resolution. An analytical extrapolation to a more realistic value is challenging, however, because 
of the measurement-to-measurement variation of all the relevant parameters.  
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Based on these considerations, we have chosen a mass resolution of 750 as a Design Requirement 
for our system. Based on past experience, a physical rejection of 10-13 can only be achieved 
through multiple separator stages because of various sources of leaky beam. SECAR therefore 
has two mass separating stages. To ensure the highest rejection of scattered beam possible in the 
focal plane, we also include a dipole or  “cleanup”  section after the last mass-separating element 
as a final Design Requirement of our system. Table 3.4 summarizes our Design Requirements for 
SECAR. 
 
Table 3.4. Summary SECAR Design Requirements. 
Rejection of detector system 10-4 
Separator mass resolution ~750 
Multiple mass separating stages Yes 
Dipole cleanup section after mass selection Yes 

 
Angular acceptance +/- 25 mrad 
Energy acceptance +/- 3.1% 
Magnetic Rigidity Range 0.14 – 0.8 Tm 
Electric Rigidity Range 1-19 MV 

 
3.4.3. Comparison to Other Systems 
Taken together, our Science, Technical, and Design Requirements listed above specify a device 
that exceeds the performance of any existing recoil separator used in nuclear astrophysics with 
radioactive beams, particularly in terms of beam rejection, the capability to study reactions on 
beams up to mass 65, the large angular acceptance, and in magnetic rigidity. We first compare 
these design goals to DRAGON [Hut03], the current state-of-the-art system in operation. This 
device was the first dedicated recoil separator designed, built, and optimized to study capture 
reactions for nuclear astrophysics with rare isotope beams. It is a very successful instrument that 
has enabled a number of pioneering nuclear astrophysics measurements and will continue to be a 
productive facility. It achieves a beam rejection ranging from 10−8 to 10−14  [Sju13] typically in the 
10−9 - 10−10 range at lower energy measurements of main astrophysical interest and is optimized 
for reactions with beams of mass less than 30, though higher mass beams have been used 
[Sim13]. It has an angular acceptance of ±20 mrad. The SECAR design goals therefore exceed 
DRAGON in mass range, angular acceptance, and projectile suppression. The Daresbury Recoil 
Separator at ORNL [Bar09] was not originally designed specifically for capture reactions and was 
only later optimized for such an application. It has been used for measurements of 7Be(p,)8B 
[Bar09] and 17F(p,)18Ne [Chi09] and typically has beam rejections of 10−8 to 10−10. The upper 
limit of masses has not been experimentally determined, but the low mass resolution of the 
system suggests that the system will not be able to separate projectiles and recoils for particles 
with masses greater than 30. ARES [Cou04] was a low-budget separator designed from existing 
parts at Louvain-La-Neuve for an inverse kinematics measurement of a single reaction, and 
cannot compare to any of the SECAR design goals. In addition, there are other separator devices 
that have not been specifically used for radioactive beam measurements of capture reactions, but 
have been used as recoil separators and, therefore, have provided useful insights, such as the 
FMA at ANL [Reh97] and the RMS at ORNL [Gro00]. These devices have an excellent 
performance history for a broad range of reaction studies. However, their design is not optimized 
for proton and helium capture reaction measurements and their beam rejection capabilities for 
such reactions are far below those enumerated in the SECAR design goals. 
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3.5. Technical Description of SECAR 
We have designed a system that satisfies our Science, Technical, and Design Requirements. In 
this section, we describe the components of this design, as well as the ion-optical calculations that 
demonstrate its viability.  
 
3.5.1. System Concept  
To simultaneously achieve a high transmission of capture reaction recoils and a high rejection of 
unreacted projectiles, SECAR has been designed with four sections. We have designed these four 
sections using 8 dipole magnets, 15 quadrupole magnets, 3 hexapole magnets, an octupole 
magnet, and two velocity filters. The layout of the system in the ReA3 Experimental Hall at 
NSCL, MSU is shown in Figure 3.2. We describe each of the four sections below. After an 
optimization procedure described below in §3.5.2, we give the locations and lengths of the all 
elements of the layout in Table 3.3, the ion-optical trajectories in Figure 3.3, and the field settings 
of the optimized setup in Table 3.4. 
 
Section 1: Charge State Selection 
The first section S1 from the Target to the first focal plane FP1 captures the particles exiting the 
target with diverging trajectories by focusing them back towards the axis, as well as selects a 
single charge state, eliminating about half of the unreacted projectiles. The components include 
two dipole magnets B1 - B2 and five quadrupole magnets Q1 - Q5. Higher-order (HO) 
aberrations are primarily corrected by HO components built into the entrance and exit pole faces 
of the two dipoles. However, we are including an adjustable hexapole in the combined function 
Q1 quadrupole magnet and a hexapole magnet, Hex(Q1), for flexible corrections of the second-
order terms. For example, this device can correct the impact of aberrations resulting from 
imprecision in the manufacturing process and alignment tolerances. This can avoid costly and 
time-consuming retrofitting of the dipole magnets. This section accomplishes the selection of a 
single recoil charge state, typically the most abundant. The charge selection is accomplished in 
the two dipoles B1 and B2 by magnetic analysis. Both dipoles have ports on both sides at the 
entrances and exits. This arrangement provides flexibility for inserting slits and other devices to 
stop cleanly and diagnose the beam components with different charge states and hence different 
magnetic rigidities. The use of two dipoles and ports allows for stopping the beam components at 
the best location for a wide variety of rigidities. A port for slits is located between the two 
magnets to reduce small angle scattering off the inner surface of the vacuum chamber. The 
magnetic analysis by the dipoles results in a dispersion of charge states at the focal plane FP1. 
After a charge state selection is made in this section, the unscattered projectiles and reaction 
products have essentially the same magnetic rigidity and cannot be further separated downstream 
by magnetic analysis alone.  
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Figure 3.2. SECAR layout in the ReA3 Hall at MSU. The beam enters the hall from the top right, 
enters the JENSA gas jet target system, and the capture reaction recoils (and unreacted 
projectiles) enter the first section that selects a single charge state. Two additional sections each 
have a velocity filter  (VF1,  VF2)  for  projectile  rejection,  and  the  final  “cleanup”  section  features  
a final pair of dipoles and a drift section before particles enter the focal plane detection system. 
 
Section 2: Projectile Rejection 
The second section S2 between focal planes FP1 and FP2 consists of two dipole magnets B3 and 
B4, two quadrupole magnets Q6 and Q7, one velocity filter VF1, three hexapole magnets Hex1, 
Hex2, and Hex3, and one octupole magnet Oct1. These magnets prepare the beam for optimum 
use of the velocity filter VF1, provide an achromatic focus at FP2, and correct for higher order 
aberrations. On the basis of the analysis described in §3.3.3, we are relying on velocity filters as 
the superior component choice for the primary separation of projectiles and recoils. The SECAR 
VF has a horizontal gap of 22 cm and a maximum electric field of 2.73 kV/mm. This requires two 
high-voltage power supplies of ±300 kV for the electrodes. The mass resolving power is m/m = 
747 and the resolution at FP2 is m/m = 508; this is discussed in more detail in §3.5.2.  
 
Section 3: Projectile Rejection 
The third section S3 has a similar set of components and the same functionality as the previous 
section: improving the suppression of projectiles by increasing the mass resolution and by 
suppressing other sources of leaky beam such as charge-changing reactions with residual gas 
molecules and projectiles scattering off of chamber walls. This section consists of four 
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quadrupoles (Q8 - Q11), two dipole magnets (B5 - B6), and a second velocity filter VF2 identical 
to VF1. This section provides a mass resolving power of m/m = 1283 resolution of m/m = 767 
at the (m/q) focus FP3. There are several reasons to provide the required mass resolution with two 
separate VFs instead of with one device. To achieve the desired resolving power with a single 
VF, its width and length would have to be increased, which would require increasing the 
electrode gap and applied HV. While a VF with an electrode HV of +/-300 kV is already 
operating at TRIUMF, a significant increase of the size and voltage would require a feasibility 
study and would add cost and risk. Furthermore, such a long VF system would not fit into the 
existing building. Finally, we show in §3.10.2 that charge changing reactions with residual gas 
inside the electric field of VF1 are a significant source of leaky beam. Having two shorter VF 
sections dramatically reduces this problem.  
 
Section 4: Cleanup and Detectors 
This section transports the beam with 100% transmission through two focal plane detectors of 
approximately 30 mm diameter and 1.5 m separation on the ion optical axis for particle 
identification via a time-of-flight measurement. The mass resolution and dispersion in the final 
detector plane is high, and is adjustable for reactions with small emittances allowing optimization 
for beam rejection. We plan to implement position and angle detection at the focal plane, which 
would enable us to correct for higher order aberrations by raytracing particle trajectories back to 
the target. Such an approach, routinely performed at high-resolution spectrometers like Grand 
Raiden at RCNP [Fuj02] or the K600 at iThemba LABS [Nev11], may enable us to achieve 
SECAR resolutions as high as the mass resolving power of 1283 after software corrections of the 
higher order aberrations. 
 
Another important function of this section is to provide a clean environment for the detector 
system. After the mass separation at FP3, the remaining projectile flux will likely be dominated 
by particles that have undergone one or multiple scattering reactions and no longer have the same 
momentum as the capture reaction recoils. To reduce this background as much as possible before 
the recoils reach the final focal plane detectors, we perform a momentum analysis in the final 
section S4 with magnetic dipoles B7 and B8 and four quadrupoles (Q12 - Q15). 
 
This section also adds flexibility to system. As an example, for high-mass targets where the 
angular spread is small, this section can be tuned with larger momentum dispersion improving the 
beam rejection.  
 
The detection systems are installed around the final focus FP4. These detectors are designed to 
identify and count the particles making it to FP4, including a final rejection against background 
projectiles (at a level of 10-4) that have been scattered into the detector. They will also track 
particle trajectories and determine their time of flight over a ~2m distance. More details of these 
focal plane detectors are given in §4.4.  
 
 
3.5.2. Ion-Optical Calculations 
We performed extensive ion-optical calculations to develop a system that meets all of our design 
requirements. These calculations have enabled us to determine the mass resolving power and 
mass resolution of the system, the inner diameters (and therefore the size) of the separator 
components, the energy and angular acceptances, the rigidity limits, the bending radii, and the 
location and properties of all the focal planes.  
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A first-order design with a high mass resolving power was initially developed that met all other 
design requirements including realistic particle ray envelopes and charge state separation. The 
first-order mass resolving power Rm, discussed in §3.1.1, is calculated to be 747 at FP2 and 1283 
at FP3. However, a mass resolution as large as the mass resolving power can only be achieved if 
HO aberrations do not contribute significantly to the first order image size (R11·2x0) where 2x0  is 
the full horizontal beam spot size assumed to be 1.5 mm in the design calculations. 
 
After establishing an optimal first order design, an extensive minimization of the HO aberrations 
was conducted, since the HO terms were found to be significant in the SECAR design because 
the large acceptance of our system enables particles with trajectories far from the ion-optical axis. 
For this purpose, we defined a procedure to minimize the HO aberrations using the fitting 
capability of the ion-optics code COSY Infinity [Mak99]. A fit of appropriate HO magnet 
parameters on the basis of Monte Carlo calculations with many rays to determine and minimize 
the image size in the focal planes where the mass separation takes place, would have provided 
more precise information. However, since Monte Carlo calculations for many rays are very time 
consuming and require significant computing power, such a fitting procedure is not practical. 
Therefore,  we  defined  189  “characteristic  rays”  within  an  “ellipsoid”  of  phase space given by 
 
𝑎
𝐴

+
𝑏
𝐵

+
𝛿𝐸
𝐸

< 1 
 
where A and B are the largest acceptance horizontal and vertical angles, respectively, and where E 
is the maximum energy deviation from the recoil energy of the central ray. For SECAR, A and B 
are less than 25 mrad and E is less than 3.1%. For our characteristic rays, we chose A to be 0, 
±8.333, ±16.666, and ±25 mrad; for B, we chose 0 and ±25 mrad; and for E, we chose 0%, 
±1.55%, and ±3.1%. In addition,   the  dimension  of  the  beam’s  spread  at   the target location was 
allowed to assume the values of 0 and +/-0.75mm in both x (horizontal) and y (vertical) 
dimensions; the ion-optical axis z is normal to x and y. Figure 3.3 shows the coordinate system 
used in the ion-optical calculations. This represents the anticipated diameter of 1.5mm for the re-
accelerated ReA3 beam. The mass resolution is then calculated using RHO = R17/xmax, where xmax is 
the largest horizontal deviation of all 189 characteristic rays at the locations of the mass 
separation (FP2 and FP3). This is the same formula defining the resolving power, where the first 
order image size R11x0 is replaced by the HO image xmax.  
 
For design purposes, the assumption was made that the 189 characteristic rays provide a realistic 
representation  of  the  beam  “envelope”  and  image  sizes  throughout  the  system.  We performed a 
many-ray Monte Carlo calculation (§10.3.1) with the magnets set to their final HO components to 
test the validity of this procedure, comparing the resulting image size with the image obtained 
using the 189 characteristic rays. The Monte Carlo used the calculated ReA3 beam line 
normalized rms emittance of 0.06 -mm-mrad to describe the incident beam and included the 
effects of scattering in a 1018 atoms/cm2 target. The 189 characteristic rays and the MC 
calculation compared extremely well. The size of a single element (Q15) had to be increased 
slightly to achieve a transmission of better than 95% for all recoils. All calculations were 
performed using COSY Infinity, which has the capability of programming these requirements and 
conditions.  
 
 
 
 z Beam Direction 

y 
x 
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Figure 3.3. Coordinate system used for the ion-optical calculations and throughout this report; z is 
in beam direction, y is vertical and perpendicular to x and z; x is horizontal and perpendicular to y 
and z. See also Fig. 3.2. 
 
 
Table 3.3. The optimized longitudinal locations and lengths of the various SECAR elements. 

Element Element properties 
Technical 
Name 

Description “Effective”  
Length(m)/ 
angle(deg) 
 1VF/2VF 

Radius/half          
gap (m) 

DL1 Drift 0.8   
Q1 Quad+Hex 0.25 0.05 
DL2 Drift 0.19   
Q2 Quad 0.30 0.068 
DL3 Drift 0.58   
B1 Dipole 22.5 deg 1.25/0.03 
DL4 Drift 1.00   
B2 Dipole 22.5 deg  1.25/0.03 
DL5 Drift 0.77   
DL6 Drift 0.40   
HEX1 Hexapole 0.26 0.11 
DL7 Drift 0.27  
Q3 Quad 0.35 0.11 
DL8 Drift 0.35   
Q4 Quad 0.35 0.08 
DL9 Drift 0.21   
Q5 Quad 0.35 0.06 
DL10 Drift 0.145   
DL11 Drift 0.185  
DL12 Drift 0.17   
B3 Dipole 22.5 deg 1.25/0.05 
DL13 Drift 0.51   
B4 Dipole 22.5 deg 1.25/0.05 
DL14 Drift 0.30   
HEX2 Hexapole 0.26 0.12 
DL15 Drift 0.27   
DL16 Drift 0.27   
Q6 Quad 0.34 0.14 
DL17 Drift 0.20   
Q7 Quad 0.34 0.13 
DL18 Drift 0.50   
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VF1 Velocity filter 2.365 0.11  
DL19 Drift 0.50   
HEX3 Hexapole 0.26 0.11 
DL20 Drift 0.28   
OCT1 Octupole 0.26 0.07 
DL21 Drift 1.75   
DL22 Drift 0.872   
Q8 Quad 0.25  0.05 
DL23 Drift 0.395   
Q9 Quad 0.30  0.06 
DL24 Drift 0.36   
B5 Dipole 42.5 deg  1.25/ 0.03 
DL25 Drift 0.35   
B6 Dipole 42.5 deg  1.25/0.03 
DL26 Drift 0.83   
Q10 Quad 0.26  0.09 
DL27 Drift 0.65   
Q11 Quad 0.34  0.12 
DL28 Drift 1.00   
VF2 Velocity filter 2.365  0.11  
DL29 Drift 4.60   
DL30 Drift 0.25   
Q12 Quad 0.30  0.07 
DL31 Drift 0.30/0.35                 
Q13 Quad 0.30   0.05 
DL32 Drift 0.66   
B7 Dipole 55.0 deg   1.25/0.03 
DL33 Drift 0.68   
B8 Dipole 55.0 deg   1.25/ 0.03 
DL34 Drift 0.86   
Q14 Quad 0.30    0.05 
DL35 Drift 0.45   
Q15 Quad 0.30    0.05 
DL36 Drift 1.70/1.21   
DL37 Drift 0.75/1.10  
DL38 Drift 0.75/0.40  
    

 
Table 3.3 gives the optimized locations and lengths/properties of the SECAR components, and 
Figure 3.4 shows the 4th order optimized ion optics of the SECAR layout. The upper and lower 
panels in Figure 3.4 show the 189 characteristic rays in the horizontal and the vertical planes, 
respectively. By design, the horizontal envelope is relatively large in the first and second sections, 
while the vertical envelope never exceeds ± 6 cm by design to keep the costly dipole gap size 
small. Also, a large envelope in the velocity filters is required for a large mass separation. The 
system has an energy dispersion R16 = 0 and is nearly independent of momentum (achromatic, 
requires also R26 = 0) and is in focus (R12 = 0) in the focal planes FP2 and FP3. HO aberrations 
are carefully corrected up to 5th order to achieve the best possible mass resolution.   
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Figure 3.4. The ion optics of SECAR for the layout shown in Figure 3.2 calculated and corrected 
up to 4th order. Shown are 189 characteristic rays in the horizontal and vertical planes in the upper 
and lower panel, respectively. The mass resolution in the horizontal plane at is 508 at FP2 and 
767 at FP3. 
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A left-right asymmetry of the envelope about the central ray can be seen in Figure 3.4. This is 
mainly an effect of the second and third order aberrations. More symmetric envelopes were found 
allowing the reduction of the horizontal GFR, but this resulted invariably in a reduced mass 
resolution. Since the highest possible mass resolution is paramount, we decided to accept the 
asymmetric envelope. 
 

 
 
Figure 3.5. Trajectories of recoils with charge states differing by q/q = 1/15 and 1/33 from the 
projectiles. 
 
We now give some additional details of the optics in each separator section. The first section S1 
allows the selection of a single charge state. Figure 3.5 shows two examples of recoil charge 
states differing by q/q = 1/15 and 1/33 from the projectiles. The most demanding case of 
adjacent projectile - recoil charge states in 65As with charge differences q/q = 1/33 are well 
separated in the focal plane FP1 in front of dipole B3. This is the worst-case scenario, as usually 
the beam does not become fully stripped in the target. Beam components with charge states 
different by q/q> 1/15 are already separated in front of hexapole Hex1. We may install slits in 
the provided ports at the exit of dipole B2 to stop all but the selected charge state. The VF in 
section S2 produces a mass resolution of 508 at focal plane FP2, and the VF in section S3 
produces a mass resolution RHO of 767 and a mass resolving power Rm of 1283 at FP3. Section S4 
uses dipoles B7-B8 and a 150 cm drift distance to cleanup remaining scattered projectiles, with a 
high mass resolution at FP4. There is also a tight waist in horizontal and vertical direction at the 
exit of dipole B7 where a cleanup slit can be inserted to further reduce the background of 
scattered projectiles. The envelope was adjusted so that TOF detectors with minimum diameter of 
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30 mm could be used at the start and end of the drift tube. More details of these focal plane 
detectors are given in §4.4.  
 
 
Optimized Optics 
The  optimized  ion  optics  setup  was  calculated  for  the  transmission  of  “reference”  ions  with  mass  
66, charge 21, and a laboratory energy of 206 MeV corresponding to 3.12 MeV center of mass 
energy. These ions correspond to the recoiling 66Se ions from the 65As(p,)66Se reaction, and have 
the maximum magnetic rigidity of B= 0.800 Tm. The field settings for recoils from any 
particular reaction are then determined by appropriately scaling the optimized settings by the ratio 
of magnetic rigidities. The lowest design rigidity for our system is 0.14 Tm. In the optimized 
setup, the maximum design rigidity of 0.8 Tm and a dipole magnet with bending radius of 1.25 m 
require dipole fields of 0.64 T. The pole tip fields and pole tip radii of the quadrupoles, 
hexapoles, octupole, and multipole strengths are listed in Table 3.4. The optimum field settings of 
the velocity filter are 0.1143 T magnetic field and +/- 308.3 kV for the HV on the electrodes, 
corresponding to an electric field of 2.80kV/mm. Component specifications for the velocity filters 
are given in Table 3.9 in §3.7.3. The bending radii for the magnetic and electric fields in the 
velocity filters correspond to 7 m for both the electric and the magnetic fields. 
 
Table 3.4. Quadrupole and multipole field settings for the SECAR Optimized Setup (mass 66, 
charge state 21, energy 206 MeV).  
Quadrupole   Radius (m) Pole tip field 

(T) 
Gradient T/m 

Q1 0.05 -0.3654 -7.3080000 
Q2 0.068  0.217880 3.2041176 
Q3 0.11  0.242643 2.2058455 
Q4 0.08 -0.24501 -3.0626250 
Q5 0.06  0.1112810 1.8546833 
Q6 0.14  0.181721 1.2980071 
Q7 0.13 -0.0301435 -0.2318731 
Q8 0.05 -0. 15032 -3.0064000 
Q9 0.06 0.23438 3.3482857 
Q10 0.09 -0.03250 -0.3611111 
Q11 0.12  0.1616 1.3466667 
Q12 0.07 -0.1820 -2.6000000 
Q13 0.05  0.1910 3.8200000 
Q14 0.05 0.1290 2.5800000 
Q15 0.05 -0.138 -2.7600000 
HEX(Q1) 0.05 -0.00289  
HEX1 0.11 0.0103064  
HEX2 0.12 0.011057  
HEX3 0.11 -0.01251  
OCT1 0.07 0.01893  

 
Performance of Extended Windowless Gas Target 
As detailed in §4.2.3, we will use an extended windowless gas target in situations where the 
energy of the resonance in not sufficiently well known for the measurement with a gas jet target. 
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A typical length of a windowless gas cell along the ion optical axis z is 10 cm, over which a 
narrow resonance may be excited. The exact location of the resonance in the cell determines the 
location of the ion-optical “object”,  i.e. where the capture reaction recoils are generated. We have 
examined the changes in image size and mass resolution at FP3 corresponding to different object 
locations within the target. We note that the object size does not significantly change over the 
length of the gas cell, since the beam angular divergence is less than 1.2 mrad owing to the small 
normalized beam emittance of 0.10  mm mrad (for 95%). Table 3.5 shows the results for object 
positions varying upstream or downstream by 5 cm. The object locations are given as dz relative 
to the target location at z = 0.  For an object (beam spot) size of 1.5 mm, the image size at FP3 is 
given in the second column of the table, and we see the magnification (image size/object size) 
doubling from 3.5 (dz = 0 m) to 6.9 (dz = 0.05 m) for resonances excited at different locations 
within the target. This broadening of the image translates to a lowering of the mass resolution by 
almost a factor of two between target edge and center, with values given in the third column of 
Table 3.5. The optimum use of the extended target is a compromise between several factors 
including transmission, mass resolution, resonance energy uncertainty, and resonance strength. 
Resonance displacements of ± 2 cm still give a mass resolution of over 600, which should give 
adequate projectile rejection for our measurements. Larger displacements of the resonance within 
the target result in resolutions that will prevent the measurement of reactions with the lowest 
yields (lowest resonance strengths). However, the position sensitive gamma-ray detection system 
may then be used to constrain the resonance location and energy, and, for particularly important 
reactions, the measurement could then be repeated with a corrected beam energy, either with the 
gas cell or the gas jet target. We note that this issue is not unique to SECAR: DRAGON and other 
separators suffer a similar loss of resolution when using an extended gas target. 
 
Table 3.5. Calculated image sizes and mass resolutions at FP3 for an object size of 1.5 mm as a 
function of the location of a resonance in an extended target of +/- 0.05 m relative to the nominal 
target location. 
Resonance 
Location dz 
Unit of m 

Image size 
at FP3 
Units of mm 

Mass  
Resolution 
at FP3 

-0.05 +/- 5.14 437 
-0.04 +/- 4.63 485 
-0.03 +/- 4.12 545 
-0.02 +/- 3.61 622 
-0.01 +/- 3.10 726 
0 +/- 2.61 863 
0.01 +/- 2.98 754 
0.02 +/- 3.53 638 
0.03 +/- 4.07 552 
0.04 +/- 4.62 486 
0.05 +/- 5.17 434 
 
3.5.3. Summary of Calculated System Performance  
High recoil transmission and simultaneous background minimization were an integral part of the 
design process for SECAR. We utilize components with carefully calculated, large inner 
dimensions to ensure high recoil transmission. Our system will provide excellent mass separation 
at FP2, FP3, and FP4, while keeping higher order aberrations under control. Dipole magnets will 
be used to achieve charge state selection to minimize the scattering of particles. Several slit 
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systems will be used to intercept deviated charge states. A dipole-based   “cleanup” section 
following two mass separating sections will be a unique feature of our system that will provide a 
pure momentum analysis to significantly reduce scattered projectiles from reaching the final 
focus. We will keep the vacuum pressure low in the system to minimize interactions of projectiles 
with residual gas molecules. We will employ thin slits (determined by mechanical stability and 
stopping range of ions) possibly coated with low-Z material to reduce scattering. Finally, we will 
utilize the many access ports along the separator to install ad-hoc traps tailored to individual 
experiments to stop scattered projectiles with specific trajectories. 
 
Our ion-optical calculations have demonstrated that our conceptual design will have a 
performance meeting the following aspects of the Science, Technical, and Design Requirements: 
•  It  will  transmit  particles  within  an  angular  acceptance  of  +/- 25 mrad and energy acceptance of 
+/- 3.1% with 100% efficiency (for a selected charge state) to the focal plane. These acceptances 
are wider than the spreads induced by reaction kinematics and target effects for a wide variety of 
important reactions. 
•  The first section selects a single charge state to eliminate approximately half of the background 
from unreacted projectiles 
•  The mass resolution of 767 (at FP3) of the system is approximately twice as high as that of the 
DRAGON system, ensuring that we can achieve adequate rejection of unreacted projectiles up to 
mass 65, twice as massive as those the DRAGON system has been designed for. 
•   The transmission, rejection, rigidities, energy acceptance, angular acceptance, and mass 
resolving power estimates are valid for a broad range of important capture reactions on nuclei up 
to mass 65, the highest mass considered as a design constraint. Measurements at higher masses 
are possible under less favorable circumstances. 
•  With measurements of position and angle information in the focal plane detectors, it may be 
possible to software correct higher-order aberrations, thereby increasing the resolution from about 
760 potentially up to the resolving power limit of about 1280. 
 
3.6. SECAR Magnet Specifications  
The ion-optical design of the separator determines the properties of the dipole, quadrupole, and 
HO magnets. They have to be designed and built so that the GFRs in both transverse directions 
and the necessary field strengths meet the ion-optical requirements. All magnets are excited by 
power supplies with highly stabilized direct currents and are designed to operate at fields up to a 
maximum of 0.64 T in the gap of the dipoles and 0.45 T at the pole tips of the quadrupoles in 
order to avoid saturation of the magnet iron. All iron pole pieces and return yokes are machined 
of solid, soft magnet iron (cold rolled, AISI1006). The coils are manufactured of normal 
conducting, hollow-copper conductors to allow water cooling. The coil temperatures are kept 
below 55o C. All dipole magnets include vacuum chambers with ports to provide the required 
high vacuum and allow access for pumping, slits, and diagnostics elements. The dipoles are 
equipped with in-situ welded, wrap-around chambers to meet our vacuum requirements, and will 
fully utilize the vertical gap by having the pole pieces serve as top and bottom chamber lids. More 
details of our magnet design will be provided in the subsections below.   
 
3.6.1. Dipole Magnets 
The eight dipoles are H-type magnets, where the cross sectional area of the gap has the shape of a 
letter H with returns on both sides of the vacuum chamber (Figure 3.6). The dipoles will be 
manufactured according to the specifications given in Table 3.6. All dipole magnets have bending 
radii of 1250 mm. A region of field deviations dB/B < ± 0.02% is required within the GFR given 
in Table 3.6 in horizontal direction and within the gap in vertical direction. Also, the effective 
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field  lengths  (EFL)  given  as  “Central  ray,  arc  length”  in  Table  3.6  are  required  to  have  tolerances  
less than  ± 0.02%. This precision is also required where the arc lengths between the entrance and 
exit Effective Field Boundaries (EFB) depend on x owing to the edge angle and HO curves 
defined below. The EFB is defined as the ∫B(l)dl/B0 , where the integral is taken over the 
magnetic field B(l) along an arc and the continuation of a ray from a location where the beam has 
dropped less than 1% of B0, the maximum field inside the magnet. These tolerances are the best 
practical value for iron-dominated magnets of the size needed for our system. As an example of 
the mechanical design of the magnet, the midplane view of dipole B1 is shown in Figure 3.7. The 
figure also shows the vacuum chamber with access ports at the entrance and exit of the magnet 
allowing the installation of a variety of slits and diagnostic elements to stop and measure the 
beam or background, as may be required for a particular experiment. An additional port extended 
through the middle of the inner yoke allows the insertion of a NMR or Hall probe for precise field 
setting and monitoring, to ensure precise reproducibility in the fields. As mentioned above, all 
dipole vacuum chambers are of welded wrap-around type where the pole pieces serve as top and 
bottom lids. Other seals are provided by Viton O-rings to enable easy access to the inside of the 
vacuum chambers, where frequent access may be required, e.g. the velocity filters and detector 
chambers. All magnets have 0o ports in both directions for alignment and other access needs that 
may arise. 
 

 
Figure 3.6. Cross section of an H-type magnet.  
 
To meet the specifications, in particular the large design acceptances, HO aberrations have been 
corrected up to order 4. Adjustable corrections up to 3rd order are possible by three hexapole 
magnets and one octupole magnet in our system. By shaping the field boundaries at the entrances 
and exits of the dipole magnets, additional HO corrections are included. In accordance with the 
COSY notation [15], the effective field boundaries of the dipoles are parameterized by 
polynomials for the 
 
entrances       𝑧(𝑥) =   ∑ 𝑠 ∙ 𝑥                   and the exits        z(x) = ∑ 𝑠 ∙ 𝑥       (3) 
 
Here z(x) is the displacement in meters (positive is inwards into the magnet) at the position x in 
meters, where x is the transverse coordinate with respect to the ion-optical axis z, with the origin 
where it crosses the field boundary. For the x-z coordinate systems at the entrance and exit of the 
dipole magnets are shown below in Figure 3.7. The coefficients of the optimized field boundaries 
are listed in Table 3.6. The first order coefficients s11 at the entrances and s21 at the exits are the 
tangents of the edge angle as shown in Figure 3.8 and provide vertical focusing for positive 
coefficients. This focusing helps to minimize the vertical particle envelopes and, therefore, the 
gaps of the dipole magnets. It also reduces the maximum required focusing strengths of the 
quadrupole magnets. 
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The calculations for the HO corrections were performed primarily to obtain a high mass 
resolution, but also to achieve the smallest possible GFR of the magnets and the sizes of the 
detectors to save costs. We started with a first order design, and subsequently performed second 
order calculations and minimization using second order components in the dipoles boundaries and 
the hexapole magnets. We continued to minimize HO aberrations one order at a time up to order 
4 until mass resolutions of 508 and 767 were achieved at FP2 and FP3, respectively. In addition, 
calculations of orders 5 and 6 were performed to verify that the mass resolution remained as high 
as in order 4. No corrections higher than 4 were necessary. The resulting HO parameters are 
shown in Table 3.6. These resolutions, together with our large acceptance, make SECAR a world-
leading system. 
 
 

 
Figure 3.7 Coordinate systems 𝑥 -𝑧  and 𝑥 -𝑧  used in the definition of the entrance (in) 
and exit (out) of the dipole edges in equation (3) shown here for a sample dipole.   
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Figure 3.8. View from above the midplane of dipole magnet B1 and the vacuum chamber. The 
physical shape of the pole piece at the entrance (Effective Field Boundary-in, or EFB-in) and the 
exit (EFB-out) are designed to create the higher-order corrections. All dimensions are in mm and 
degree. Diagnostic ports for Hall probes and other devices are also indicated along with the 
central particle trajectory.   
 
Table 3.6. Design parameters of the dipole magnets.  
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In the quadrupole and HO edge parameters listed in the table, we show only the significant 
figures that affect the mass resolution by about m/m = 0.1. Calculations also showed that 
deviations of 0.002, 0.01 m−1, and 0.1 m−2 for the quadrupole, hexapole and octupole parameters, 
respectively, are acceptable and do not affect the mass resolution of the system. An example of 
the shape of the edge at the exit and entrance of dipole magnet B1 is shown in Figure 3.8.  
 
3.6.2. Quadrupole Magnets  
The 15 quadrupole magnets of the separator system will be manufactured according to the 
specifications in Table 3.7. Most quadrupole magnets in our system require the dimensions of the 
horizontal GFR to be significantly wider than the vertical GFR. In these cases the vacuum 
chambers are wider in the horizontal direction. Figure 3.9 shows the concept of a cross section of 
a quadrupole magnet including a vacuum chamber. 
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Figure 3.9. Schematic diagram of a quadrupole magnet showing a vacuum chamber with a width 
of 195 mm and a height of 95 mm. The beam enters into the page.  
 
 
The horizontal width of this quadrupole is 195 mm and the vertical height is 95 mm. The pole 
pieces will be shaped to provide a GFR that is wider in one direction. This allows a horizontal 
GFR that is up to 20 % larger than the diameter of the quadrupole. All dipoles will be equipped 
with precision Hall probes to accurately set the dipole field. Hysteresis effects in the quadrupoles 
are small enough so that the applied current can set their fields. 
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Table 3.7. Quadrupole Design Parameters. 

 
 
3.6.3. Hexapole and Octupole Magnets  
The large acceptance of our recoil separator makes it crucial to correct higher order (HO) 
aberrations. We calculated HO aberrations progressively and corrected them as much as possible 
by shaping the dipole entrance and exit pole edges. However, the HO terms in the field produced 
by the magnet edges are not tunable. For this reason, three separate, tunable hexapole magnets 
(Hex1, Hex2, Hex3) and one Octupole magnet (Oct1) were used for further corrections and to 
remedy magnet-manufacturing uncertainties. They also serve to improve the mass resolution of 
the system. In addition, quadrupole Q1 is designed to include a hexapole component Hex(Q1). 
The use of tunable HO components will help reduce the number of iterations necessary in the 
manufacturing process for the fixed HO dipole edge shapes to achieve an overall correction of 
HO aberrations. The design parameters of the hexapoles are listed in Table 3.8, and of the 
octupole in Table 3.9. The quadrupole coils in Q1 are water cooled, while the hexapole coils 
Hex(Q1) and all other HO magnets require air cooling only. 
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Table 3.8. Hexapole magnet properties. 

Type EFL/m Pole tip 
strength 
(T) 

Aperture 
Diameter 
(m) 

Power 
(kW) 

Approx. 
Weight 
(kg) 

Horiz. 
GFR/m 

Vert.  
Vacuum 
Chamber/m 

Hex(Q1) 0.390 0.02 0.10 - - 0.09 0.08 
Hex1 0.260 0.02 0.22 0.1 200 0.20 0.14 
Hex2 0.260 0.03 0.24 0.1 200 0.24 0.10 
Hex3 0.260 0.08 0.18 0.1 200 0.16 0.10 

 
Table 3.9. Octupole magnet properties. 

Type EFL/m Pole tip 
strength 
(T) 

Aperture 
Diameter 
(m) 

Power 
(kW) 

Approx. 
Weight 
(kg) 

Horiz. 
GFR/m 

Vert.  
Vacuum 
Chamber/m 

Oct1 0.260 0.02 0.18 0.1 100 0.16 0.10 
 
3.7. SECAR Velocity Filters 
 
3.7.1. Introduction  
The velocity filters (VFs) are the most sophisticated and fragile devices in the entire SECAR 
system. They provide the required mass separation, and their reliable operation is absolutely 
critical to achieving the required performance. Their design poses several technical challenges. 
First, the ratio E/B of the electric E and magnetic fields B has to be constant over the entire length 
of the device (over 2.5 meters), otherwise unwanted deflections of the recoils would occur. 
Second, the high suppression of beam projectiles requires high field strengths to significantly 
deflect the projectiles – and this means high voltages on electrodes. The electrodes and their 
enclosing vacuum chamber need to be large to hold high voltage and to have a large electric 
good-field region (EGFR). However, this electrostatic system must be installed inside the gap of 
the dipole magnet. With increasing size, the electrostatic system quickly drives the size of the 
magnet to impractical dimensions to maintain a magnetic good-field region (MGFR) that overlaps 
with the EGFR. Third, the fields also have to be stable in time so that no unwanted recoil 
deflections occur. This in particular places tight constraints on the means of supplying HV to the 
VF electrodes, and also on our approach to ensure that no sparking occurs during normal 
operation. Our design maximizes the electrode size within the electrostatic chamber, and 
minimizes the surrounding magnet size while maintaining an excellent overlap of the magnetic 
and electric GFRs. 
 
3.7.2. Design Criteria  
As discussed in §3.5, we have designed our system with a mass resolution of 508 at FP2 after the 
first velocity filter, and a mass resolution of 767 at FP3 after the second filter. This places some 
stringent requirements on the electrostatics for the velocity filters: 
 
•  Horizontal  electrode  gap  of  22  cm, horizontal GFR 
•  Vertical  GFR  of  7 cm 
•  Field  gradient  of  2.73  kV/mm 
•  HV  of  +/- 300 kV 
•  Bending  radius  of  7  m 



Facility for Rare Isotope Beams  FRIB-M41600-RP-000055-R002 

SEparator for CApture Reactions (SECAR)  Pre-Conceptual Design Report 
 Issued 1 October 2014 

 

 

71 

 
The application of fields this high requires significant attention to detail. The SECAR 
collaboration held a workshop in April 2014 to identify the critical design criteria for the 
electrostatic system for our VFs. Especially important was the advice of Dr. Syd Kreitzman from 
TRIUMF who has successfully developed several velocity filters for TRIUMF, including one 
device (“M9”)  that  reaches a HV of +/- 300 kV. A summary of the design criteria were:   
 
•  Restrict  the  electric field to be smaller than 6.5 kV/mm at any location 
•  Highly polish electrode surfaces to reduce conditioning time 
•  Carefully design triple points where metal, insulator, and vacuum meet 
•  Surround triple points with a metal corona to lower field intensities and reduce sparking 
•  Carefully limit stored energy in the system to about 2J by using a HV power stack adjacent to 
chamber instead of high-capacitance cables 
•  Use  an SF6–filled (2 bar pressure), high-resistance feed-through and power stack for a compact, 
low-stored-energy design which also avoids oil contamination possible from oil-filled stacks 
•  Perform assembly and maintenance in a clean room 
 
Our design of the electrodes and associated connections will limit the electric field to a maximum 
of 4 kV/mm to reduce sparking. We have paid close attention to outside radii of the components, 
and will add corona shields at triple points and at other locations as needed. 
 
The VF condition E/B = constant is equivalent to the requirement that the ratio E/B = constant, 
where E2Tlab/q is the electric rigidity, B p/q is the magnetic rigidity, is the bending 
radius, Tlab  is the laboratory energy, and q is the charge of the ion. The choice of the bending 
radius of 7 m is a compromise. The mass separation is higher for smaller bending radii . But this 
requires a higher the electric field E and, therefore, a higher voltage. As discussed above, a 
practical limit is ± 300 kV on the high voltage, which then sets a limit on the bending radius.  
 
3.7.3. Specifications  
We have designed the SECAR velocity filters to meet the design criteria discussed in the previous 
subsection. The specifications for the filters are given in Table 3.10. 
 
Table 3.10. Specifications of SECAR Velocity Filters  

Good-field 
Region (GFR) 

Horizontal 
Vertical 

mm 
mm 

± 110 
± 35 

Dipole  
Magnet 

Max. B field in GFR 
Effective field length 
Pole gap, vertical 
Pole width, approx.. 
B field, homogeneity 
Estimated power 
Iron weight 
2 Coils Weight 

T 
mm 
mm 
mm 
 
kW 
kg 
kg 

0.12 
2365 
900 
1020  
± 0.0002 in GFR 
50 
12800 
2300 

Electrostatic 
system 

Max. E field in GFR 
Max. Voltages on electrodes 
Effective field length 
Electrode gap, horizontal 
Electrode height, vertical 

kV/mm 
kV 
mm 
mm 
mm 

2.7 
+/- 300 
2365 
  220 
 538 
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E-field homogeneity 
Min. distance electrode to ground 
Max. E-field in gap to wall 
2 Electrodes, Ti, non-magnetic 
Vacuum chamber, SS, non-magn. 

 
mm 
kV/mm 
kg 
kg 

± 0.0002 in GFR 
141 
3.8 
approx. 1200 kg 
approx. 3300 kg 

 
3.7.4. Overview and Assembly  
A vertical cross sectional view through the center of the velocity filter, as seen by the beam 
entering the plane, is shown in Figure 3.10. The EGFR between electrodes is ±110 mm 
horizontally and approximately ±35 mm vertically as indicated by the dashed lines. The 
electrodes are surrounded by a vacuum chamber with inner dimensions of 992 mm (horizontal) 
and 820 mm (vertical). Only those elements are shown in Figure 3.10 that are relevant for the 
electric field calculations. Additional elements of our actual device, including ceramic mounting 
structures for the electrodes, vacuum chamber, High Voltage (HV) feedthroughs, will be designed 
similar to the M9 velocity filter at TRIUMF [Kre08].   
 

Figure 3.10. Vertical cross sectional view through the center of the velocity filter. The beam 
travels into the page. The hatched region shows the magnet iron. Note the added blue lines in the 
170 mm, they represent added iron to optimize the magnetic field in the GFR in the center. An 
expanded view of the coils is shown in Figure 3.12. The top view of the electrode end is shown in 
Figure 3.15 below.  
 
3.7.5. Feed-Through and HV Power Stack  
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The reliable operation of the velocity filter critically relies on a robust HV power supply to 
generate, deliver to the electrodes within the electrostatic chamber, and maintain a stable supply 
of high voltage (HV) of magnitude up to +/- 300kV. When there is an arc (spark) in the HV 
system, data taking in the experiment in progress must stop and cannot resume until the HV is 
reestablished on the electrodes. Without proper design, such arcs could also potentially damage 
the delicate VF components. In this subsection, we discuss how we have addressed the crucial 
issues in each phase of generating, delivering, and maintaining the HV.   
 
A fundamental concern is HV power supply stability over the anticipated long running time of 
SECAR experiments. Instabilities produce time variations in the electric field in the VF, resulting 
in an undesired deflection of the capture reaction recoils. We plan on utilizing a Glassman HV 
driver that has a stability of 0.01%. When coupled to the voltage multiplier system described 
below, the integrated stability will be better than 0.1%, which is sufficiently stable for our 
experiments.  
 
Stored energy in the HV system has the potential to damage components in the VF. The HV 
system inherently stores energy in its discrete capacitors, and also in the parasitic capacitance in 
the connection to the VF electrode. We envision using a short voltage multiplier stack that 
directly connects the power supply and the chamber, eliminating the need for a long cable that 
would add to the stored energy in the HV system. A high-valued resistor will be placed in series 
with the connection between the HV power supply and the electrode: if an arc occurs in the VF, 
this series resistor dissipates a large majority of the stored energy in the HV system, reducing the 
energy deposited in the VF to much less than 10 J—a common threshold of damage.   
 
Another issue is avoiding concentrated electric fields that can initiate arcs. The curvature of the 
HV metal electrodes will have radii of 81 mm or larger to limit the surface field to 4 kV/mm. 
Furthermore, special designs are needed to avoid geometries (e.g., triple points) where electrical 
fields are tremendously enhanced [Kre08]. Initial field simulations of the HV insulator and field 
shaping features, as seen in Figure 3.11, show that the peak electric field will be below the design 
goal of 4 kV/mm. The back of the electrode, shown schematically in Figure 3.12, has corona 
extrusions that are required to reduce the electric field at the triple point where the metal 
connector, the ceramic insulation, and the vacuum meet at the same location. 
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Figure 3.11. Electric field finite element analysis of the HV insulator inside the VF. The peak 
electric field is 3.85 kV/mm, below the design goal of 4.0 kV/mm. 
 
Our concept is shown in Figure 3.12. A high-valued resistor will serve as the electrical feed-
though, and limits the currents and deposited energy in case of a HV break down. The resistor is 
installed in a ceramic housing filled with SF6 at a pressure of less than 2 bar. The power stack is 
installed vertically, immediately at the end of the feed-through. The existing EMMA power stack 
at TRIUMF is well suitable for the SECAR velocity filter. We plan to borrow a spare unit from 
TRUMF for HV bench testing.  

 

 
Figure 3.12. Concept of the feed-through and power stack configuration for SECAR VF 
electrodes, as suggested by Syd Kreitzman (TRIUMF). Top: system view showing VF. Bottom: 
detail of HV stack and connection to VF electrode. 
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A representative 40-stage voltage multiplier circuit, in which the theoretical output voltage is 40 
times higher than the input driving voltage, was simulated with the LTspice program. The full-
wave multiplier model included all current-limiting and bleed resistors; a 10 kV peak, 10 kHz 
sinusoidal driving source; and a 1.08 Megaohm resistor in series with the assumed 10 pF 
capacitive load, representing the VF electrodes. Since large deviations from the nominal voltage, 
including voltage ripple, will affect the mass resolution, a design specification of +/- 0.02% ripple 
is used. This translates to an acceptable voltage ripple of 120V peak to peak at 300 kV. A small 
timestep transient simulation starting from zero initial conditions was run to assess the output 
voltage ripple. The simulated ripple at the load was 12.5V peak to peak, which exceeds the 
specification. Representative simulation results are shown in Figure 3.13. 
 

 
 
Figure 3.13. SPICE simulation result showing that the high voltage ripple at the VF electrode will 
be approximately 14.5V peak-to-peak; less than the design specification of +/- 0.02% (120V peak 
to peak at 300 kV). 
 
To maintain usable HV, arcing within the VF must be minimized. This arcing can occur from 
electrode to chamber, from electrode to electrode, as well as from feedthrough to chamber and 
within the feedthrough system. We have run extensive field calculations for the inside of the 
electrostatic chamber to determine the GFR for the recoils, and have also avoided fields above 4.0 
kV/mm to reduce likely arc initiation sites. We will take care in designing the triple points, and 
we will use the proven designs of the TRIUMF VFs as our basis. Proper conditioning of the 
electrodes to bring them up to voltage is also essential to minimize sparking and pitting of the 
surface. Conditioning must be done with an automated system, and will be handled by the 
Separator Control System described in §3.8.4 below. Maintaining an excellent vacuum in the VF 
chamber is also necessary to reduce conditioning time and sparking, as discussed in §3.8.1 below, 
which includes maintenance of clean internal components. The initial conditioning of the VFs 
will be done in a clean room in the ReA3 hall before the chamber is inserted into its surrounding 
dipole magnet, so that any initial issues can be addressed with easy and safe access before the 
system becomes operational. Finally, we will carefully determine where scattered beam is 
deposited within the chamber, and adjust our field settings to avoid dumping an intense group 
onto an electrode, which can cause outgassing and arcing as well as long-term maintenance issues 
such as carbon buildup and pitting. 
 
3.7.6. Magnet Design  
The magnetic field in the GFR has a maximum strength of 0.12 T and is produced by the iron 
poles, yokes, returns, and coils surrounding the vacuum chamber. The field was optimized to be 
as homogeneous as possible within the GFR. The resulting geometry is shown in Figure 3.10. 
The hatched area shows the magnet iron consisting of cold rolled iron with low carbon content 
(AISI1006). The vertical gap of the dipole magnet is 900 mm high between the large shims 
(“Rose  shims”)  to  produce  the  homogenous  field.  The  gap  is sufficiently large to accommodate 



Facility for Rare Isotope Beams  FRIB-M41600-RP-000055-R002 

SEparator for CApture Reactions (SECAR)  Pre-Conceptual Design Report 
 Issued 1 October 2014 

 

 

76 

the electrodes mounted inside the vacuum chamber. The unusually large Rose shims are designed 
to produce the maximum required field with a precision of ± 0.02% in the GFR in the center of 
the system. The total current per coil is 54 kA. The resulting vertical field component By is shown 
in Figure 3.14 as a function of horizontal position x. The By field components depend slightly on 
the vertical coordinate y as shown in the figure for y = 0 (MID), and y = 10, 20, 30 mm, but are 
constant within +/- 0.02%. The horizontal field Bx component was also extracted and found to be 
of the order of 10-4By. 

 

The smooth fitted curve (FIT) through the average of the calculated By fields are represented by 
the following parameters NM(n),   n=1…4,   according to the parameterization of the COSY 
command WC, given as 
 

F(x) = 𝐹0[1 + N(i)𝑥 ] 

 
NM(1) := 0;   (linear) 
NM(2) := 0.045;  (quadratic) 
NM(3) := 0;   (cubic) 
NM(4) := -5.0;   (4th order) 
 
These unavoidable HO components in the VF dipole fields are included in the ion-optical 
calculation and compensated for by the HO components in upstream dipoles and hexapoles. 
 
Calculations in the design magnetic field range from 0.02 to 0.12 T were also performed. The 
calculations scale with the field, meaning there is no dependence of the above fit parameters NM 
on the magnitude to the field. This holds because the fields are less than 1.28 T, i.e. about a factor 
of 10 smaller than values where saturation effects in the iron become noticeable. 
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Figure 3.14. Results of the calculation of the vertical magnetic field component By GFR  of the 
VF magnetic dipole as function of horizontal position x, where the central ray is at x = 0 mm and 
x = 110 mm the surface of the VF electrode. The By-field curves have small fluctuations owing to 
the finite element sizes. The smooth curve FIT through the calculated data is the fitted curve as 
explained in the text. The other curves refer to the tolerance calculations and are explained below. 
 
A close-up of the coil cross section is shown in Figure 3.15. The conductor is a standard 
Outokumpu conductor #8261, a square hollow copper conductor with the outer dimensions of 22 
mm and a bore of 10.5 mm diameter in which low conductance water flows for cooling. Each coil 
in the upper and lower yoke is comprised of 3 “pancakes”  of 14 conductors in two layers. The 
conductor current is 1210 A for a field of 0.12 T, with a required power of 46 kW. Table 3.11 
gives additional details on the coil design. 
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Figure 3.15. Cross section of the current carrying coils for the SECAR VF magnet. The square 
conductor has outside dimensions of 22 mm by 22 mm with a circular cooling channel of 
diameter 10.5 mm. The overall dimensions are 170 mm horizontally and 150 mm vertically.  
 
Magnetic field calculations were made for conductor currents in the range from I of 225 A to 
1286 A. The corresponding magnetic fields B in the GFR region were 0.02 T and 0.1269 T, 
respectively. The deviation from linearity of the B(I) curve at 0.1269 T was calculated to be just 
below 1%, showing that saturation effects were negligible. It should be noted that we used a 9 cm 
thick iron side in the calculation, whereas the thickness shown in Figure 3.10 is 15 cm. The larger 
thickness of our design compensates for the circular holes in the returns of about 30 cm diameters 
for the HV feedthroughs and the pumping ports.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.11. Coil design calculations for the SECAR velocity filter dipole magnet  
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3.7.7. Electrode Design  
The electrodes were optimized to achieve the best possible homogeneity for a compact design 
that meets all technical requirements within the GFR. The calculations were performed using the 
finite element code MagNet (Infolytica Corporation). The resulting geometry is shown in Figure 
3.10. The electrodes are 538 mm high and have rounded edges with radii of 81 mm to keep the 
electric field always below 3.8 kV/mm to reduce conditioning time and the risk of sparking. The 
maximum electric field in the GFR is 2.73 kV/mm, achieved with a HV of ±300 kV on the 
electrodes. To keep the homogeneity of the electric field within tolerance of the matching 
magnetic field in the GFR, the electrodes have extrusions or “noses”  of  6  mm  thicknesses  at  the  
top and the bottom. The calculated horizontal electric field components Ex in the GFR are shown 
in Figure 3.16 as a function of the horizontal distance x from the center for several locations y in 
(MID) and above the midplane Y10, Y20, Y30, corresponding to y = 10, 20 and 30 mm). The 
calculated curves are indistinguishable from each other and can be recognized as rippled curve 
owing to the limitations of the finite element method. Within the GFR, the electric field is 
homogeneous with E/E = +/- 0.0002. 
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Figure 3.16. Calculated electric field component Ex, with applied HV of ±300 kV, as function of 
the horizontal distance x from the central ray for several locations y out of the midplane. The blue 
horizontal lines define our tolerance fractional deviations E/E of +/- 0.0002 from the mean field. 
The small ripples in the curves are given by the precision limits of the Finite Element 
calculations. The smooth curves represent the fit through the calculated field and curves to 
determine the tolerances as explained in the text. 
 
The smooth fitted curve (FIT) through the calculated (rippled) Ex fields are represented by the 
following parameters according to the parameterization of the COSY command WC, given 
above. 
 
NE(1) := 0;  (linear) 
NE(2) := 0.001;  (quadratic) 
NE(3) := 0;  (cubic) 
NE(4) := -1.2;  (4th order) 
 
The fitted curve well represents the field curves in the Good-Field Region (GFR) in the mid-plane 
and out of the plane up to y = 30 mm. 
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These unavoidable HO components in the Wien filter electric dipole fields are included in the 
ion-optical calculation and compensated for by the HO components in upstream dipoles and 
hexapoles. 
 
  
 
3.7.8. Magnetic and Electrical Fringe Fields  
Another challenge in designing velocity filters is the difference in the spatial distribution of 
electric and magnetic fringe fields. Because a large gap is needed in the magnetic dipole to 
surround the electrostatic chamber, the magnetic fringe field extends over a larger distance than 
the electric fringe field. The velocity filter is tuned so that the electric/magnetic field ratio E/B in 
the GFR is set equal to the capture reaction recoil velocity. In this fringe field region, however, 
E/B changes, and the recoils will be adversely deflected. We need to ensure that any deviations of 
E/B are minimized. 
 
Several features have been incorporated into the design of the velocity filter in an effort to 
minimize the distortions in the fringe field region in a previously established manner [Cou08]. 
We first minimized the height of the electrodes, which reduces the magnet gap and therefore the 
length of its fringe field. Adjustable field clamps were added to further reduce the magnetic fringe 
field as much as possible. These field clamps provide the additional advantage that the effective 
field boundary (EFB) can be adjusted by approximately ± 10 mm to optimize the performance of 
the Velocity Filter. This adds flexibility to the design in addition to reducing manufacturing costs 
by avoiding costly mapping/machining iterations if the calculated and measured EFBs deviate. 
 

 
Figure 3.17. A cross section view of the upper part of half the magnet is shown in the z-y plane. 
The end pack with a chamfer of 135.1 mm by 127.0 mm and the field clamp provide the fringe 
field shown in Figure 3.19.  
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The electrodes are designed so that the electric fringe fields are extended to closely follow the 
magnetic fringe field. This is accomplished by flaring open the electrode ends progressively as 
shown in Figure 3.18, and by moving the grounded entrance and exit walls to a distance of 290 
mm from the ends of the electrodes. The resulting electrode design was optimized in 2-
dimensional calculations using a finite element field code. Calculations have shown that by 
increasing the distance to ground from 290 mm to about 500 mm, the electric field will even more 
closely match the magnetic field. However, this would require moving the hexapole immediately 
after VF1 further downstream, resulting in a deterioration of the mass resolution. The present 
design is a compromise for the best mass resolution. 
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Figure 3.18. Cross section view in the midplane of one side of the electrode ends. The z-axis is 
shown vertically and the x-axis horizontally in the paper plane. The beam enters from the bottom 
along the z-axis. Shown is half the gap of 110 mm. The distance from the tip of the electrode to 
the ground in z direction is 290 mm.  
 
A comparison of the calculated magnetic and electric fringe fields is shown in Figure 3.19 using 
the endpack configurations shown in Figures 3.17 and 3.18, respectively. The upper panel shows 
the magnetic and electric fields along the ion-optical axis. The vertical scale of the electric field is 
adjusted to the value of the magnet field inside the magnet (z = 2000 mm – 2500 mm), defining 
the ratio E/B. In this coordinate system, the EFB is at about z = 1400 mm. The lower panel shows 
the ratio E/B normalized to 1 inside the magnets. Small deviations of typically smaller than 2% 
occur in the fringe field region with the largest deviation of about – 4% at the EFB. In the range 
outside the EFB (z < 1400 mm) the E/B ratio drops quickly and becomes 0 at z = 1000 mm, 
where the electric field becomes 0. Between z = 1000 – 1400 mm the adverse effect of E/B << 1 
is reduced by the small magnetic and electric field and, therefore, small effect on the mass 
separation. At z < 1000 mm, the remaining magnetic field causes a small horizontal steering 
without effect on the mass separation. 
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Figure 3.19. Calculations of the matched fringe fields for the electric and magnetic fields in the 
Velocity Filters as a function of the axis z along the central ray.  
 
3.7.9. Tolerances of Velocity Filter Dipoles  
In order to determine the acceptable tolerances of the WF fields we performed the following 
procedure. First, the HO parameters NE(2) and NE(4) of the electric fields were varied to 
determine the limits of these parameters where the mass resolution stays above 750. Several 
curves Min2, Max2, Min4, and Max4 are shown in Figure 3.16 representing these limits. Second, 
combinations (C1, C2, C3, and C4) of these limits Min2, Max 2, Min4, and Max4 were calculated 
and adjusted again to result in mass resolutions not smaller than about 750. These curves are also 
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shown in Figure 3.16. Third, the HO parameters NM(2) and NM(4) of the magnetic fields were 
varied to determine the limits of these parameters where the mass resolution stays above 750. 
This resulted in two curves Min and Max shown in Figure 3.14. These three studies set limits on 
higher order effects on the mass resolution. However, the mass resolution also depends on the 
relative magnitude of the electric and magnetic fields. This is in particular important because a 
misalignment tilt angle of the electrodes of 0.1 degree relative to the vertical direction will 
introduce a ± 0.03% field variation within the vertical size of GFR of ± 30 mm. In order to 
calculate this effect on the mass resolution, we varied the E and the B  parameters of the 
COSY command WC by 0.04 % and found no significant change of the mass resolution.  
 
Since the E-field cannot be measured with the required precision, we performed finite element 
calculations to determine mechanical tolerances that ensure the required E-field homogeneity of 
±  0.02%. This translates to a maximum acceptable rotation of ± 0.1 deg  of the electrode relative 
to the ideal vertical direction, and a maximum vertical misalignment (shift) of the electrodes of 
±  0.7 deg.     

From these calculations, we conclude that field changes within +/- 0.02 % in the electric and 
magnetic fields of the VFs do not reduce the mass resolution to below 750.  
 
3.7.10. Stresses and Deflection of the Upper Magnet Poles  
We examined the stresses on the upper pole of the VF dipole magnet and the effect that a bend in 
the pole would have on the fields and resolution. The upper magnet pole has a mass of about 
4750 kg. Calculating the virtual work by changing the pole gap in small increments, we 
determined the attractive magnetic forces on the poles, amounting to about 500 kp. In total, a 
downward force of about 5250 kp is exerted on the upper pole. The magnet needs to be 
constructed in such a manner to withstand this downward force. If the upper pole moves 1 mm 
down, it reduces the half-gap from 455.5 mm to 454.5 mm and increases the field by 0.22%. 
Reducing the dipole current can compensate for such a field increase. Since such a pole drop will 
not change the HO field components, and since the field stays within the tolerance limits curves 
Min and Max shown in Figure 3.14, there is no adverse effect on the mass resolution. We 
conclude that movements of 1 mm or less are acceptable, and specify that the upper pole does not 
bend more than 1 mm. 
 
3.7.11. X-ray Shielding  
X-ray radiation is produced during the conditioning of the electrodes with energies determined by 
the applied HV, and also at times during operation, when discharges (sparking) eject electrons 
from the cathode that then accelerate towards the anode. As mentioned above, we will utilize a 
computer-controlled automated conditioning procedure to minimize sparking during 
conditioning. Proper conditioning, as well as assembling and performing maintenance in a clean 
room, will minimize sparking during normal operations.  
 
However, we will add shielding to the outside of our vacuum chamber to reduce X-ray hazards 
during VF sparks. The amount of shielding required is taken from operational experience with the 
VF at TRIUMF [Kre09]. Tests were performed with 200 kV and 300 kV VFs using the layout 
shown in Figure 3.20. The lead shielding is indicated along with the location of two X-ray 
detectors.  
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Figure 3.20. The geometry and test location of the M15 test setup used in the X-ray dose rate 
studies [Kre09]. 
 
Typical measured X-ray dose rates are shown in Table 3.12 [Kre09]. From these measurements, 
one may assume a worst-case scenario of a dose rate of 1000 Si/hr (100 mrem/hr), requiring an 
attenuation of about a factor of 100 to bring the X-ray dose rate down to 10 Si/hr (1 mrem/hr). 
The main part of the velocity filter is surrounded by a minimum of 9 cm magnet iron, providing 
an X-ray attenuation of more than a factor of 100. In all other places, such as in the direction of 
the beam and where feedthroughs and pumping ports penetrate the magnet iron, a 1 cm thick Pb 
wall will be provided to attenuate the X-ray radiation by more than a factor of 100. 
 
Table 3.12. X-ray results while conditioning/discharging the M15 separator from [Kre09]. 

 
 
 
 
 
3.8. SECAR Vacuum and Control Systems 
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3.8.1. Vacuum System Requirements  
We have chosen a base pressure of 2x10-7 Torr for the SECAR system. Pressures this low or 
lower are especially important in the velocity filters, to prevent sparking of the electrostatic 
plates. High vacuum is also crucial to minimize the scattering of recoils off of residual gas 
molecules, causing them to not reach the focal plane. High vacuum is also crucial to minimize the 
number of beam projectiles undergoing such scattering reactions that may deflect them into the 
final detector system.  
 
The most significant challenge in the SECAR vacuum system is achieving low pressures in the 
elements immediately downstream of the gas jet target system. With pressures in the central 
target chamber (outside of the jet) as high as 100 mTorr, and large (4 – 6 mm diameter) apertures, 
the gas flow downstream into the separator is potentially high enough to give pressures well 
above our chosen base pressure in Sections S1 and S2. We have done detailed vacuum 
calculations of our system that take into account the effects of the gas jet target system, that 
shows the pressure in the VFs will be below our base pressure. Several iterations of the 
arrangements of pumps were made to achieve the target pressures in as much of the separator as 
possible. The results of our calculations are shown in Figure 3.21.  
 
3.8.2. Vacuum System Components  
The locations of the pumps and gate valves in the separator are shown in Figure 3.22. SECAR 
will employ a variety of standard vacuum pumps – cryogenic pumps, turbomolecular pumps, and 
backing pumps – to reach a pressure of 2x10-7 Torr over as much of the system as possible. We 
will use a combination of Viton O-ring seals and metal seals throughout our system as needed to 
reach this base pressure in SECAR. To handle the flow out of the gas jet target system, the speed 
of pumps in sections S1 and S2 were significantly boosted over the pumping speeds in the second 
half of the separator. 
 

 
Figure 3.21. Vacuum pressure in SECAR as a function of distance from the JENSA gas target. 
The location of the first Velocity Filter (Wien 1) is also shown.  
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Figure 3.22. Location of vacuum pumps throughout the SECAR system.  
 
A second requirement will be the maintaining of excellent vacuum at all times in the VF 
chambers to avoid sparking. This requires pressures below 2x10-7 Torr. We have therefore 
included robust pumping and fast-acting gate valves that can seal the VFs off if a vacuum 
incident occurs elsewhere in our system. 
 
3.8.3. Vacuum Control System  
We will construct a Vacuum Control System (VCS) to provide a hardware-software interface 
enabling researchers to: (1) change the vacuum status [atmosphere/vented, rough vacuum, high 
vacuum] for any section of the separator via hardware switches; (2) monitor the vacuum status of 
all separator sections; (3) provide interlocks to prevent researchers from accidentally venting 
chambers under vacuum or damaging detectors; and (4) provide signals to the Separator Control 
System as described in §3.8.4. The VCS will be fully integrated into the EPICS controls 
architecture used with other devices at NSCL and FRIB. A computer interface will enable 
researchers to open and close valves and monitor the status, and a PLC unit will control power to 
the valves. When researchers click on the interface to open/close a valve, a computer code will 
check a set of rules to determine if that puts the system into an allowed configuration. The system 
will then either turn the switch power on or off (if allowed) or deny the action and warn the user 
appropriately. The system continuously monitors the system vacuum status and will have the 
capability to actively close valves if conditions demand it. For example, if a pump fails and 
causes the pressure in one section of the system to rise above a pre-determined limit, the system 
would close the gate valves on either side of the affected section and valve off the pump as well. 
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In case of a power outage, the system will close all gate valves. The system will not, however, 
actively reopen valves; user action will be needed to recover from a vacuum incident. Vacuum 
status can also be recorded and saved if that is of use for the particular experiment. 
 
3.8.4. Separator Control System  
Our Separator Control System (SCS) will be a hardware/software system providing an easy-to-
use computer interface for researchers to control and monitor the separator. This system will also 
be fully integrated into the architecture being deployed at NSCL and FRIB. SCS users will input 
the species, charge, mass, and energy of a specified ion. Their choices will be aided by an 
integrated relativistic kinematics program (for particle energies) and programs to calculate energy 
loss and charge state distributions for particles exiting the target. The SCS will then (a) determine 
the field strengths for each separator system element (e.g., magnets and velocity filters) required 
to steer the selected ion to the focal plane, (b) determine the electrical currents for the elements to 
achieve these fields, and (c) and apply the currents to the elements. 
 
There are also two inputs to the control system that are not altered by users. First is a set of 
calibrations of field strengths vs. current for each element. These calibration values are 
determined from field maps by the manufacturer and verified during commissioning by running 
tightly collimated beams of a variety of energies through each element and adjusting fields until 
the beams are steered on axis. Second is the set of reference field strengths required to steer a 
reference ion (species, charge, mass, and energy) through the system to the focal plane. This 
“standard   tune”   of   the   reference   ion   through   the   separator   is   determined   from   ion-optical 
calculations; the reference ion itself is chosen once to be representative rather than, for example, 
the recoil for a particular capture reaction experiment. The SCS will determine the fields for the 
user-chosen specified ion by scaling the reference field strengths by a set of well-known rules.  
 
After field maps and analysis of the fabricated magnets become available, the ion-optical input 
parameters will be modified to reflect the actual fields, including HO corrections in the dipole 
edges and the Enge functions of the fringe field. This procedure allows the best possible ion-
optical model reflecting the as-built SECAR system.  
 
In addition to the standard tune of the system, we will determine combinations of parameters or 
“knobs”  that  enable  users  to  perform  certain  ion-optical alterations of the tune. Examples of such 
alterations include moving the final focus downstream to accommodate a different detector, 
moving the target location upstream to accommodate alterations in the target system, or 
adjustments of hexapole or octupole correction elements. The knobs will adjust linear 
combinations of field strengths to accomplish these tuning functions. Knobs may also be used to 
switch from the standard tune to an alternate tune, since operational experience may indicate that 
an alternate tune may work better for certain reactions. This approach to adjusting fields based on 
a reference ion, a standard tune, and adjustable knobs will be followed because the phase space of 
possible (rather than optimal) tunes through the system is too large when the field strengths of the 
29 elements are individually and independently adjusted. Users will, however, be able to set 
fields in individual components, a feature that will be especially useful during commissioning of 
the device.  
 
The SCS will also monitor the separator status – including field strengths, voltages, and vacuum 
pressure – and display it for the users. It will also display the difference between optimal or set 
fields/currents (from the scaled standard tune) to the actual fields/currents, and give warnings if 
the parameters fall out of a predetermined range. Inputs for the monitoring capabilities include 
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Hall probes in magnets, power supply parameters for the velocity filters, and pressures from the 
VCS.  The  SCS  will  also  provide  an  automated  routine  to  “condition”  the  HV  electrodes  of  the  VF  
up to their target voltage, which will safely and reliably enable the operation of these devices with 
minimal sparking and without internal damage to their components.  
 
 
3.9. Staged Implementation with a Single Velocity Filter  
Our separator system design provides a very high mass resolution of 767 at FP3 for capture 
reaction recoils up to mass 66. This resolution, which is approximately a factor of 2 better than 
any presently existing recoil separator, is necessary to achieve the highest suppression of 
projectiles needed for our low yield, long-duration measurements.  
 
Our system design is, however, modular in nature. It is possible to start an initial science program 
with a single velocity filter, and later complete the full system to address the full science program 
laid out in §2.3. This phased approach would enable measurements of high-energy resonances in 
reactions on lower mass A < 30-40 proton-rich unstable nuclei that have intensities greater than 
107 pps. Examples of reactions that could be studied with a phased system include high-energy 
resonances in 29,30P(p,)30,31S, 25Al(p,) 26Si, and 23Mg(p,) 24Al.  
 
We produced a phased design that omits section S3 with the second velocity filter. This 
modification would have the cleanup section S4 immediately after the end of section S2 and its 
focal plane FP2. The mass resolution of such a system would be 508, higher than presently 
available systems and adequate for an initial set of measurements. This alternative design requires 
slightly different magnet settings to match section S2 at FP2 directly to section S4, but the 
parameters of the magnets given in the specifications table accommodate both versions. Figure 
3.23 shows the floor plan of the single VF system. The ion-optical calculation of the single VF 
system is shown in Figure 3.24.  
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Figure 3.23. Floor plan of a phased, single VF system. The downstream portion of the full system 
with two VFs is shown in gray in the upper right. 
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Figure 3.24. The ion optics of SECAR for the layout shown in Figure 3.23 calculated and 
corrected up to order 4. Shown are 189 characteristic rays in the horizontal and vertical planes in 
the upper and lower panel, respectively. The mass resolution in the horizontal plane at FP2 is 508, 
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and the mass resolving power is 747. Rays with m/m of 350 and 600 are shown in blue and red, 
respectively, in the top diagram.  
 
The optimized setup for this alternate design was calculated for ions with mass 66, charge 21, and 
energy 206 MeV (as in §3.5.2) These ions have the maximum design rigidity of B= 0.800 Tm at 
a center-of-mass energy of slightly higher than 3 MeV, as previously discussed. The dipole field 
strengths are again 0.64 T. The electric and magnetic fields are 2.80 kV/mm (with +/- 308.3 kV 
on the electrodes) and 0.1143 T, respectively. The pole tip fields and pole tip radii of the 
quadrupoles, hexapoles, octupole, and multipoles are listed in Table 3.13. The optimized 
quadrupole settings of the single VF system and full system are slightly different as the result of 
the optimization process. However, the maximum fields are close enough so that the design 
specifications call for identical quadrupoles to be used in both separator versions. 
  
Table 3.13. SECAR Optimized Setup for a 1 VF system  

Quadrupole   Radius (m) Pole tip field 
(T) 

Gradient T/m 

Q1 0.05 -0.36534 -7.3068000 
Q2 0.068 0.21788 3.2041176 
Q3 0.11 0.242644 2.2058545 
Q4 0.08 -0.24501 -3.0626250 
Q5 0.06 0.11128 1.8546667 
Q6 0.14 0.181721 1.2980071 
Q7 0.13 -0.0301475 -0.2319038 
Q8    
Q9    
Q10    
Q11    
Q12 0.07 -0.22000 -3.1428571 
Q13 0.05 0.20160 4.0320000 
Q14 0.05 0.13147 2.6294000 
Q15 0.05 -0.1450 -2.9000000 
HEX(Q1) 0.05 -0.0006  
HEX1 0.11 0.008620  
HEX2 0.12 0.01449  
HEX3 0.11 -0.0435  
OCT1 0.07 0.006225  

 
 
3.10. Simulations of System Performance 
We performed a series of simulations to make a more thorough determination of the performance 
of our system for recoil transmission, projectile rejection, and sensitivity to component 
dimensions, alignments, and field strengths. We also determined our ability to change field 
settings to recover the optimal system performance in some worst-case scenarios where there 
were multiple components that had errors within their tolerance limits. The methodology and 
preliminary results of these simulations are described in detail in this section. 
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3.10.1. Recoil Transmission Estimate  
Since the count rates of our capture reactions are anticipated to be very low, and since we have a 
goal of measuring the absolute cross sections of these reactions, it is critical to achieve close to 
100% transmission of a selected charge state. In §3.5.2, we used ion-optical calculations to 
determine the optimum solution for arranging the SECAR electromagnetic elements and to 
maximize the mass resolving power of the system. We generated an envelope of 189 rays (Figure 
3.4) representing the angular (±25 mrad) and energy (±3.1%) ranges specified in our Design 
Requirements, and we set the GFRs of the electromagnetic elements in the horizontal and vertical 
directions to be larger than this envelope to ensure 100% transmission. The GFRs, illustrated by 
the sizes of the rectangles shown in Figure 3.4, are listed in §3.6 in Tables 3.6, 3.7, 3.8, and 3.9 
for the magnets, and in §3.7 in Table 3.10 for the velocity filters. These tables also give 
tolerances for the field strengths.   
 
This procedure of setting the GFRs larger than the 189-ray envelope does not, however, 
incorporate all the effects that could limit the transmission of our selected recoil charge state 
through the system. Monte Carlo simulations are needed to determine whether the separator 
parameters in our conceptual design are sufficient to fully accept recoils from the reactions when 
kinematic, component dimension, and target effects are realistically included. We used a Monte 
Carlo approach to evaluate if the inner dimensions of the optical elements are appropriate to keep 
the transmission to a maximum, as well as to determine if the effects of any higher order 
aberrations have been underestimated. These simulations also serve as a basis to investigate the 
realistic projectile rejection capabilities of our system, as discussed below in §3.10.2. 
 
We ran Geant4 Monte Carlo simulations transporting the beam and recoils from three different 
reactions through the JENSA gas target system (described in §4.2), and then ran COSY 
INFINITY calculations to transport these particles through our conceptual separator system. The 
three reactions were 15O()19Ne, 21Na(p,)22Mg, and 65As(p,)66Se. We chose 15O()19Ne 
because it has the largest energy spread and angular opening of the critical reactions listed in 
Table 3.2, and we chose a beam energy of 0.3 MeV/u since that is the minimum beam energy 
being sent to the ReA3 hall. We chose 21Na(p,)22Mg at 0.3 MeV/u and 1 MeV/u in order to 
compare to recoils measured in an experiment at DRAGON. We chose 65As(p,)66Se because the 
m/m for this reaction is the smallest, making it the most challenging mass separation to achieve 
of nuclei covered by our Science Requirements, and we chose 1 MeV/u and 3 MeV/u for energies 
as these will be the highest energies put into the ReA3 hall. Throughout these transmission 
estimates, and those of projectile rejection in §3.10.2, we considered every charge state of the 
projectiles, but only the selected charge state of the recoils.  
 
We first utilized the Geant4 software package to simulate beam transport through the JENSA gas 
target with a representative target thickness of 1018 at/cm2. The normalized emittance at 95% of 
the ReA3 beam is estimated to be 0.1  mm mrad. For our simulation, we have used a 100% 
normalized emittance of 1.7  mm mrad in order to estimate the contribution of the extended 
beam  distribution  (“tails”)  and  to  incorporate  cases  when  the  beam  tune  was  less  than  ideal.  We 
then   generated   4.5•107 random particles with a uniform distribution over this phase space in 
energy, horizontal position and angle, and vertical position and angle. We describe below how 
this distribution is modified to give a more realistic distribution of particles incident on the target. 
By using a uniform distribution we ensure adequate sampling of possible beam halos and tails.  
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To generate a distribution of recoils, a random target thickness was generated uniformly between 
0 and 1018 at/cm2 that represents the thickness of the target traversed by the beam before the 
production reaction occurs. When that thickness was reached during the target transport of the 
beam particles, the direction of the beam and its energy at that location were recorded. The 
kinematic properties of the reaction recoils (energy and angle) were then calculated by choosing 
randomly between the two possible solutions of the recoils – either moving forward or backward 
in the center of mass. The direction of the beam was then added to the reaction angle in order to 
determine the direction of the generated recoils. We then transport these recoils through the rest 
of the jet gas target in the Geant4 simulation, accounting for recoil straggling in energy and angle 
as they leave the target and enter the separator. 
 
Each random recoil or beam particle was then tracked through the separator system in a COSY 
INFINITY calculation where transport matrices of up to the 4th order were used. Matrices were 
generated for each element (drifts, dipoles, quadrupoles, and multipoles) of the separator. 
Segmented drifts were included for all locations where collimators or slits are placed. Each 
particle coming out of the Geant4 target transport simulation was tracked for each possible charge 
state of the beam and for the selected charge state of the recoils. At the interface of each pair of 
ion optical elements, we recorded the horizontal x and vertical position y, the velocity vector, and 
the charge state of the particles. Figure 3.25 shows  an  example,   the  distribution  of  4.5•107  15O 
beam particles at the entrance to the first dipole B1; these projectiles are simulated from the 
15O()19Ne reaction at an energy of at 0.3 MeV/u. We used these distributions not only for our 
transmission estimates, but also for our projectile rejection estimates (see below in §3.10.2.)  
 

 
Figure 3.25. x – y position distribution of 15O beam particles at the entrance to the first dipole B1 
in a simulation of projectile transport of the 15O()19Ne reaction at 0.3 MeV/u.  
 
To simulate an input beam distribution that is more realistic than the uniform (phase-space filling) 
distribution described above, we assigned a Gaussian weight to each particle according to the 
calculated emittance of the ReA3 beam, as well as to the charge state distribution of the beam 
[Say77]. The ratio of the weighted number of particles at a given position to the number of 
weighted particles at the target provides the transmission of that type of particle with a given 
charge state to that position. Our transmission results for the five cases considered are given in 
Table 3.14. Our results of nearly 100% transmission by our Monte Carlo transport simulations 
validate the component inner dimensions as determined by the ion-optical calculations. The only 
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dimension limiting the acceptance is the vertical aperture of magnet B8, but the loss is only 0.2% 
for the worst-case reaction, 15O()19Ne, which has the largest opening angle of the 
reactions considered. In addition to the transmission estimates, the direct transport of recoil and 
beam particles confirms a rejection of the beam at the mass slits of much better than 10-7.  
 
 
 
 
Table 3.14. Transmission results for a set of crucial reactions from the target to the final focus in 
the single VF system. 
Reaction Energy (MeV/u) Transmission 
15O()19Ne 0.3 95 
21Na(p,)22Mg 0.3 96 
21Na(p,)22Mg 1.0 97 
65As(p,)66Se 1.0 97 
65As(p,)66Se 3.0 98 

 
3.10.2. Projectile Suppression Estimate  
SECAR will be a next-generation device with design specifications far exceeding the two major 
devices in the field, the DRAGON at TRIUMF ISAC and the DRS at ORNL. Specifically, our 
Technical and Design Requirements of high energy and angular acceptances, high mass 
resolution, coverage of recoils of mass up to 65, and excellent rejection (up to 10-13 physical 
rejection from the separator alone) of unreacted beam particles are unsurpassed. These 
specifications are necessary to achieve a high recoil transmission simultaneously with a high 
rejection of unreacted projectiles for the critical reactions on unstable nuclei that power novae and 
X-ray bursts.  
 
To make a realistic estimate of the total background expected at the location of the final focal 
plane, we must not only consider the tail of the unscattered projectile distribution (from the 
transmission calculation and the nominal beam rejection estimate 3.3.1), but also consider 
particles scattered off residual gas molecules, slits, chamber walls, and electrodes. It is 
unfortunately computationally prohibitive to run a complete Monte Carlo simulation of SECAR 
that would definitively demonstrate a projectile rejection of better than 10-13.  
 
To address this issue we use Monte Carlo transport simulations of charge changing and scattering 
events to identify and correct possible weaknesses of our conceptual design. Based on experience 
with recoil separators, these two effects are especially important sources of background. 
According to the experience with the DRAGON recoil separator [Hut08], rejection of projectiles 
becomes worse at higher target gas pressures, at higher pressures in their first stage ED/MD 
system, and at lower bombarding beam energies. For the ERNA recoil separator used to measure 
alpha particle capture on stable beams [Gia11b], a major background source was projectile 
scattering off of component surfaces, especially projectiles with charge states differing from the 
selected recoil charge state. ERNA was recently moved from an accelerator lab in Bochum, 
Germany to one in Caserta, Italy, and an additional dipole magnet was added immediately after 
the gas target in order to attempt to reduce this background [Gia11b]. 
 
To reduce computational requirements and allow for the simulation of a larger number of 
particles, we choose to perform our projectile rejection simulations initially for a system with just 
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one VF (see §3.9.). This system includes all types of separation elements used in the full system 
(charge state selection, VF based mass separation, and a dipole based cleanup section) and 
therefore allows for testing of the performance of each. This setup is particularly useful to test the 
performance of the cleanup section as more simulated particles will reach that section. The subset 
of particles passing through the VF stage in this simplified model can then be investigated in 
terms of their fate in the more complicated 2 VF system in a much more efficient way.  
 
Our overall approach was to first identify critical regions of phase space after each separator 
component that contains trajectories that can reach the focal plane. This information was obtained 
by tracing ion trajectories backwards through the system starting at the focal plane. Once these 
phase space windows are identified, we use our forward Monte Carlo simulation data (3.10.1) to 
generate scattering events or charge changing events at multiple locations along each trajectory. 
At each event a large number of charge state changes, angle changes, and energy changes are 
generated, and each of these new trajectories is then compared to the phase space window that 
would lead to transmission to the focal plane at the respective location where the trajectory is 
generated. We use a conservative approach in our phase space calculations leading to the 
selection of particle trajectories that may not reach the final focal plane. Therefore, we simulate 
the transport of the particles that fall into the critical phase space regions with a full COSY 
INFINITY 4th order model. This approach reduces the unrealistically large number of particles 
that would need to be transported in a traditional simulation. 
 
We determined the phase space of the beam particles that can reach the focal plane detector by 
simulating the trajectories of particles between successive adjacent elements (e.g., dipoles, 
quadrupoles, drifts), and then extracting the intersecting phase space region between each of the 
elements. To ensure that the extracted phase space regions encompass all possible trajectories, we 
considered broad spatial, angular, and energy distributions for all possible beam charge states 
(between 1 and Z, where Z is the nuclear charge). The result of this procedure is a six dimensional 
phase space (x, x’, y, y’, E, Q) that can reach the focal plane detector for each element of the 
separator; here, x’ and y’ are angles in the x and y planes, respectively. We utilized two-
dimensional projections of this six-dimensional phase space (Figure 3.26) to enable visual 
examination of the extracted regions. We note, however, that working with such projections 
artificially increases the phase space volume. For example, particles which lie at extreme values 
of the (x, y) and (x’, y’) distributions will be accepted in our analysis without checking whether 
simultaneously having these extreme values places the particle within the six-dimensional (x, 
x’, y, y’, E, Q) phase space region. Our approach therefore has the effect of making our estimates 
of system performance more conservative. A representative set of phase space projections 
obtained with this method is presented in Figure 3.26. While the results of this step do not 
provide a quantitative evaluation of the number of particles reaching the focal plane, the 
qualitative determination of possible trajectories (identified by their energy, position, and angles) 
that can reach the focal plane will serve as a useful tool, both for diagnosing possible sources of 
measured background at the focal plane and for proposing locations for slit placements to 
intercept pathological trajectories.  
 
Our next step was to combine these phase space regions with the particle transport data obtained 
in the transmission study, §3.10.1, to investigate the impact of charge-changing and scattering 
interactions of the projectiles. The transport data, recorded after each SECAR element, contain 
spatial, angular, energy, and charge information for each individual transported particle. We then 
determined a new set of properties for each particle to simulate either a charge-changing or 
scattering interaction, then examined if these modified properties place the particle within the 



Facility for Rare Isotope Beams  FRIB-M41600-RP-000055-R002 

SEparator for CApture Reactions (SECAR)  Pre-Conceptual Design Report 
 Issued 1 October 2014 

 

 

98 

critical phase space region determined above – those regions which contain trajectories that 
eventually reach the focal plane. Multiple new particles with different properties are generated 
from each original trajectory at each location greatly multiplying the sampling of our system. We 
recorded the properties of any altered particle that intercepts a critical phase space region, and 
ignored the rest. We then created histograms of the number of particles moved into these critical 
phase space regions as a function of distance along the ion-optical axis. These plots give a 
conservative estimate of locations along the system where charge-changing or scattering 
interactions can possibly reach the focal plane.   
 

 
Fig. 3.26. Representative two-dimensional projections of the particle distribution phase space in 
position, velocity, energy, and charge at a location along the ion-optical axis.  
 
We used different approaches to alter the particle properties to simulate charge-changing and 
scattering interactions. For charge changing events, we fixed all properties except the charge 
state, which was changed by ±1 and ±2 from its initial value; these values are chosen because 
cross sections for losing or gaining more than two electrons are very low. For scattering 
interactions, we used a more complex methodology that changes the energy and angle of the 
particle but not the position or charge. We considered elastic scattering  off  of  five  “target”  nuclei:  
1H and 4He (gas target), 16O (water), 27Al (beam pipe), and 48Ti (Wien filter electrodes). We 
calculate 5000 different combinations of energy and angle for each particle, using 40 bins of the 
polar angle  < 30o and 125 bins of the azimuthal angle , 0 <  < 2. The energy of the particle 
after scattering at a given angle is calculated assuming elastic scattering. Additionally, for beam 
particles lighter than the scattering targets, we considered both possible kinematic solutions 
corresponding to forward and backward in the center of mass system. Each of those scattering 
(angle, energy) combinations is combined  with  the  particle’s  position,  velocity,  and  charge  values  
to generate a set of altered particle properties, which were recorded if they fall within a critical 
phase space region or ignored if they do not. 
 
A plot of the number of particles that can possibly reach the focal plane detector after a charge-
changing interaction as a function of the position along the ion-optical axis of the separator is 
presented in Figure 3.27 for 21Na ions from the 21Na(p,)22Mg reaction. This figure also gives a 
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similar plot for scattered 65As ions from the 65As(p,)66Se reaction. We find that the VF volume is 
the source of particles that, if they change charge state, potentially can each the detector. The first 
10 meters of the separator is the source of possible scattering events reaching the final focal 
plane. We denote these as possibly reaching the focal plane because of the conservative approach 
we took in generating the critical phase space regions described above. 
 

 
Figure 3.27. Number of particles that can possibly reach the SECAR focal plane as a function of 
position along the ion-optical axis. Left: 21Na ions from the 21Na(p,)22Mg reaction undergoing a 
charge-changing interaction are primarily generated in the Velocity Filter (labeled WF). Right: 
65As ions from the 65As(p,)66Se reaction undergoing a scattering interaction are primarily 
generated upstream of the first Velocity Filter. Location of the Target, dipole magnets, and first 
Velocity Filter are indicated along the ion-optical axis. 
 
Since we used a very conservative approximation (the two-dimensional projections) to generate 
these critical phase space regions, the above analysis identifies many particles that actually 
cannot be transported to the focal plane. We therefore employed the COSY INFINITY 4th order 
matrices to calculate the transport of the identified particles to determine if they indeed can reach 
the focal plane. Our methodology serves to dramatically reduce the number of transport 
calculations that need to be performed, since those particles outside the critical phase space 
regions are ignored. In Figure 3.29, we present particle trajectories (shown only in the horizontal 
plane) for 21Na8+ ions from the 21Na(p,)22Mg reaction undergoing a charge-changing interaction 
in the first Velocity Filter and being shifted into a critical phase space region that contains 
trajectories reaching the focal plane. When the particle trajectories are traced, however, it is clear 
that these ions do not proceed beyond FP2, and do not reach the detector plane of the single VF 
system. This figure also shows 65As25+ ions from the 65As(p,)66Se reaction that undergo scattering 
in quadrupole magnet Q3. These particles also clearly do not reach the detector plane of the 
single VF system. 
 
The yield of charge-changing events with residual gas molecules along SECAR can be calculated 
using a phenomenological estimate of the cross section [Dub11] and the estimated vacuum 
pressure distribution in the separator (§3.8.2). A plot of the yield of charge-changing events from 
21Na8+ at 1 MeV/u is presented in Figure 3.28; this shows that a yield better that 10-6 is expected. 
In the same figure, we also show the maximum yield from scattering events on residual gas 
molecules in the SECAR vacuum. The yield is the highest for 15O+16O (< 10-5), while it is the 
lowest for 65As+4He (< 10-9). An estimate the scattering yield on solid surfaces (the vacuum 
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chamber walls, slits, and VF electrodes) along the separator gives a range of 10-6 - 10-3. Based on 
these yields, we conclude that the absence of any events reaching the focal plane for capture 
reactions with lighter A=21 beams from simulations with 45•107 scattered or charge-changed 
particles at each scattering or charge-changing location demonstrates a rejection of the order of 
10-13 for single charge changing events, 10-12 for single scattering on residual gas molecules, and 
10-10 for single scattering off of the chamber walls. 
 
However, the situation is different for reactions with A=65 beams. While figure 3.29 shows that 
65As25+ ions from the 65As(p,)66Se reaction undergoing scattering in quadrupole magnet Q3 do 
not reach the focal plane of the single VF system, the situation is different for 65As25+ ions from 
the 65As(p,)66Se reaction undergoing a charge-changing interaction in the first Velocity Filter 
(see Fig. 3.30). These beam particles clearly do reach the focal plane of the single VF system. 
While most of them miss the detector location in the limited sample size of our simulations 
(4.5•107 ions) because the cleanup section deflects them, we cannot ensure that this holds for a 
more realistic case of only one recoil for every 1013 projectiles. While this figure shows the 
effectiveness of the cleanup section in the single VF design to reject some of the charge-changed 
particles, it also demonstrates that the second VF is needed to reject projectiles even at the 10-7 
level for measurements of reaction rates with heavier beams. 
 

 
Figure 3.28. Left, yield of the charge changing event 21Na8+ to 21Na9+ due to an interaction with a 
residual gas molecule. Right, yield of scattering reactions of 15O on 16O and 65As on 4He. 
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Figure 3.29. Particle trajectories in the horizontal plane. Top: 21Na8+ ions from the 21Na(p,)22Mg 
reaction undergoing a charge-changing interaction in the first Velocity Filter do not proceed 
beyond FP2. Bottom: 65As25+ ions from the 65As(p,)66Se reaction undergoing scattering in Q3. 
These particles also do not reach the detectors in the final focus of the single VF system. 
Our investigation of particles created by charge change or scattering demonstrates that the system 
deals effectively with these major sources of leaky beam. A single VF system with a cleanup 
section can deal with single charge changing or scattering effects efficiently, except for reaction 
measurements with heavier beams. However, multiple scattering effects that are beyond current 
simulation capabilities, but likely are a significant source of leaky beam, may still be a problem. 
The second VF stage is clearly needed to reject higher-mass projectiles and to dramatically 
reduce multiple scattering or charge-changing events. Our simulations also demonstrated the 
efficacy of our cleanup section. This is important because no other recoil separator has such a 
cleanup section.  
 

 
Figure 3.30. Trajectories in the horizontal plane of 65As25+ ions from the 65As(p,)66Se reaction 
undergoing a charge-changing interaction in the first Velocity Filter. These particles do reach the 
final focus of the single VF system.  
 
3.10.3. Manufacturing and Alignment Tolerances  
We performed simulations to examine the impact of changing component dimensions and fields 
in order to determine the tolerances on these parameters that we provide to the manufacturers. We 
also detailed a procedure by which we will ascertain if the constructed magnets are actually 
within these specified tolerances. 
 
For the simulations, we note that our ion-optical calculations take, as input, a wide range of 
information including the position and angle of the incident beam as well as the location, lengths, 
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and fields of all components. Each input value can only be specified within a certain tolerance, 
While magnet manufacturers build magnets with fields and dimensions to within tolerances, 
beam properties are difficult to measure precisely and may depend on ion source and accelerator 
tunes. We conducted a study where different inputs in the ion-optical calculations were varied 
within their specified tolerances in order to determine the corresponding impact on mass 
resolution and particle envelope. Some parameters like magnetic fields are easily adjustable 
during system operations, while others like HO dipole edges are fixed after manufacturing is 
complete. This sensitivity study was followed up by a determination of our ability to recover the 
optimal system performance by small adjustments of the optimal field settings of adjustable 
magnets. Such a sensitivity study, when coupled to a recovery study, is an invaluable approach to 
determine which, if any, tolerances are critical or must be reduced in order to maintain system 
performance that is at or near optimal. 
 
The specified alignment tolerances for SECAR elements are ± 0.1 mm for x, y, and z translations, 
and ± 0.01 degrees for rotation. The manufacturing tolerance for the effective field boundaries of 
the dipole pole face shapes is ±0.1 mm. Magnetic field tolerances in the GFR are 0.01%. 
Variations that were considered for this study included for all magnets and velocity filters 
translations, within tolerances, in the x-y plane on a grid; length changes (with corresponding 
position changes of subsequent elements to keep all other element lengths the same); magnetic 
field changes; rotation around the x, y, or z-axis; and changes in the dipole entrance and exit pole 
shapes. Parameters were changed individually and together in a Monte Carlo approach. For the 
Monte Carlo approach, 10,000 variations were carried out, where each parameter was selected to 
be either at its minimum, or at its maximum. Pole shapes were varied by randomly varying the 
coefficients of the polynomial that describes the pole face and disregarding any changes that 
exceed the specified 0.1 mm manufacturing tolerance. For each new configuration, a full 4th order 
COSY Infinity calculation with our 189 characteristic rays was performed to obtain the mass 
resolution. The most critical elements were found to be Q1, DL2, Q2, Q3, DL8, Q4, Q5, B3, B4, 
and Q6. Figure 3.31 shows the distribution of resulting mass resolutions for the single VF stage, 
and for the complete two VF SECAR system. 

 
Figure 3.31. Distributions of mass resolution at FP2 of the single VF system (left) and at FP3 of 
the two VF system (right) when randomly varying element parameters within their tolerances. 
This is before any attempt to recover mass resolution by adjusting magnet settings.  
 
For each, the single VF calculation and the two VF system calculation we selected a few worst-
case variations to determine whether field adjustments can recover the mass resolution. These 
calculations are underway for the 2VF version and results will be presented in an updated report. 
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For the single VF system we produced two worst-case scenarios wherein multiple inputs had 
errors within their tolerance limit. At FP2, these two cases resulted in a degradation of the mass 
resolution from 508 to 266 and 303, respectively. Our recovery scenario consists of variations of 
the tunable quadrupoles, hexapoles, and octupole in efforts to gain back as much of the mass 
resolution loss as possible. All calculations were performed in 4th order. For the worst-case 
scenario, the mass resolution was increased from 266 back to a high of 456 (90% of the original) 
by field variations of Q1 (from -0.365634 T to -0.3602056 T at the pole tip) and Hex(Q1) (from -
0.00060 T to + 0.000315 T at the pole tip). Both changes were within the adjustable ranges as 
specified. The changes of the envelopes are within the specified GFRs. However, we have to 
accommodate a possible polarity change of Hex(Q1) that would be a one-time reversal of the 
power leads during commissioning. Variations of all other magnets allowed only small 
improvements in the mass resolution. For the second worst-case scenario, the mass resolution was 
increased from 303 back to a high of 478 (94% of the original) by variations of Q1 (from -
0.365634 T to -0.3612400 T at the pole tip) and Hex(Q1) (from -0.00060 T to + 0.000479 T at the 
pole tip).  
 
We note that these changes do not effect the specifications of the magnets or power supplies. By 
using a procedure similar to that used for the original field optimizations, it may be possible to 
increase the mass resolution in the recovery scenarios; this would involve fitting the 1st order 
optics using 1st order elements, subsequently fitting in 2nd order optics using 2nd order elements, 
and then using the only third order element, Oct1, to correct the 3rd order optics. We are currently 
continuing the sensitivity and recovery study to determine the impacts of the worst-case scenarios 
at the final focus FP4.  
 
Based on our experience with other magnet systems, we have detailed the procedure by which the 
magnet manufacturers will be required to demonstrate that the magnets they built are actually 
within the above-determined tolerances of the magnetic field specifications. For the quadrupoles, 
a series of Hall probe measurements of the transverse field in the mid plane at various radii and 
for various fields (20%, 40%, 70%, 100%) will be requested. They will be used to calculate the 
effective field length. Measurements with rotating coils will be used to verify that the deviation 
from the specified linear gradient as smaller than the specified tolerances. This method will be 
used for hexapoles and octupoles as well, to demonstrate their effective field length and presence 
of other orders than the specified one. 
  
For dipoles, the effective field length will vary slightly with the amplitude of the field. The 
specification on the pole entrance and exit are stringent for the reactions that fill SECAR 
acceptance. The field map at 20% of the maximum magnetic field will be used to validate the 
dipoles while the others (40%, 70%, and 100%) will be used to characterize the evolution of the 
effective field boundaries with changing field. This will be input for an ion-optics code describing 
SECAR using the measured field maps. Hall probe field maps of the transverse magnetic field on 
the mid-plane of the dipoles on a grid with spacing of maximum 10X10 mm and going as far as 
the location where the magnetic field dropped to 1% of its value at the center of the dipole will be 
used to extract the shape of the pole entrance and exit. The integral of the field along trajectories 
at each radius up to the center of the magnet will provide adequate data to calculate the effective 
field boundary shape for the entrance and exit of the dipoles. At least two field maps off the mid-
plane will be taken to demonstrate the uniformity of the field vertically. Those required 
measurements are also valid for the VF dipole magnets. However, for those magnets, the 
effective field length will have to be evaluated for various positions of the moveable field clamp 
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in order to establish a relation between the clamp position and the location of the effective field 
boundaries. 
 
Each of the Hall probe field maps has to be to be precisely related to the precision fiducials 
located at various places on the magnets. The relation between the fiducials and the field map will 
allow for high precision alignment of the magnets. Once delivered to NSCL, a subset of the 
measurements required from the manufacturer will be performed to demonstrate that the shipment 
did not alter the magnet properties. 
 
3.10.4. Summary of Performance Simulations  
We demonstrated via Monte Carlo simulations that our conceptual design transmits over 95% of 
the full energy (± 3.1%) and angular (±25 mrad) acceptances to the final focus of the single VF 
phased system when kinematics, component dimensions, and multiple scattering effects are 
considered. This validates the transmission estimates and component inner dimensions based on 
our ion-optical calculations of the envelope of 189 representative trajectories. Our Monte Carlo 
simulations also provided a basis for our   investigation  of   sources  of   “leaky  beam”   from  single  
scattering events and from charge-changing reactions with residual gas molecules in the SECAR 
system. Because of computational limitations, direct Monte Carlo simulations could only 
demonstrate a rejection up to 10-7 for beam particles that do not scatter. Simulations for leaky 
beam generated by charge changing reactions or scattering demonstrates the necessity of the 
second VF stage and the dipole-based cleanup section to achieve sufficient rejection for 
measurements with higher mass projectiles. Finally, we demonstrated that system changes within 
manufacturing and alignment tolerances could lead to significant changes in mass resolution. 
However, we also demonstrated that even in the worst cases, such changes could be compensated 
through adjustments of a few magnets. 
 
3.11. Conceptual Design Summary  
We have designed a recoil separator system optimized for direct measurements of low-energy 
(p) and () capture reactions on proton-rich unstable nuclei. These measurements are needed 
to address open questions concerning novae, X-ray bursts, supernovae, and other stellar 
explosions. We will utilize an inverse kinematics approach wherein a heavy beam bombards an H 
or He gas target, and the capture reaction recoils are collected and steered by our separator system 
to a focal plane detection system for identification and counting. Our separator design concept 
was driven by full consideration of all crucial physics issues, including the kinematics of nuclear 
reactions of critical importance. An extensive optimization procedure and follow-up ion-optical 
simulations were used to demonstrate that our design satisfies our Science, Technical, and Design 
Requirements. Our system will have nearly 100% recoil transmission efficiency (for a selected 
charge state) to the focal plane for a wide variety of important capture reactions via its large 
angular and energy acceptances of ± 25 mrad and ± 3.1 %, respectively, and correspondingly 
large-bore components. Higher order ion-optical corrections are accomplished by shaping the 
entrance and exit field boundaries of the dipole magnets and several hexapole magnets and one 
octupole magnet for flexibility. 
 
Also entering the separator will be the unreacted projectiles with intensities up to about 1015 times 
higher but with almost the same momentum. Our separator is optimized to reject these projectiles 
to an extent unmatched by any other system. We first employ a section that selects a single charge 
state, which prevents other charge states of the unreacted projectiles from scattering off separator 
components that is subject to producing an unmanageable background at the final focal plane. We 
then use two sequential sections, each with a velocity filter, followed by a final cleanup section, 
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to achieve a very high mass resolution of 767, a factor of two more than any currently operating 
system. This resolution is a necessary requirement to achieve the design beam rejection for 
measurements up to A=65 based on comparison with existing devices and theoretical 
considerations  of  the  “Nominal  Beam  Rejection”. Two mass separating stages will suppress leaky 
beam from single and multiple scattering and charge changing effects. Direct Monte Carlo 
simulations verified our ion optics calculations of transmission and of component inner 
dimensions. Extensive simulations of scattering off of separator components and charge-changing 
interactions with residual gas molecules demonstrated that the system rejects background from a 
single charge changing or scattering event efficiently. As discussed in the next section, SECAR 
will also feature a set of sophisticated detectors at the final focus that will give an additional 
factor of 10−4 suppression of the primary beam. Finally, our technical and design requirements are 
valid for a broad range of important capture reactions up to mass 65.  
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4. Ancillary Equipment 
 
4.1. Overview  
Although the ion-optical elements compose the central part of a recoil separator, many ancillary 
instruments are necessary to successfully perform our inverse kinematics measurements of 
capture reactions. This equipment includes gas target systems, diagnostic systems, a detection 
system at the final focal plane, a gamma detector array surrounding the gas target, and a data 
acquisition system. The subsections below give details on these instrument systems and describe 
how they interact with the separator system and, when relevant, each other.  
 
4.2. Gas Target Systems  
 
4.2.1. Overview 
Reliable, well-characterized targets are absolutely essential to any experiment. To make inverse 
kinematics measurements of (p,) and (,) capture reactions on proton-rich unstable nuclei, we 
need targets of hydrogen and helium. Solid targets, however, have a number of serious 
disadvantages. First, these targets degrade over time, which can alter the reaction yield, add 
backgrounds, and halt experiments to change foils. For example, polyethylene (CH2)n foils lose 
hydrogen through elastic scattering at currents near and above 106 particles per second (pps), and 
beams burn holes through them at 107 pps. This is the case even for rotating foil target systems. 
Helium can be implanted into self-supporting foils of heavier mass (e.g., C, Au), but reactions off 
of nuclei in the backing, as well as energy loss through the backing, can ruin the precision of our 
low-energy measurements. Finally, foil targets build up a layer of C and other contaminants on 
their surface as experiments progress, increasing these latter two effects. For these reasons, gas 
targets are preferred for H and He.  
 
There are three main types of gas targets: windowed, extended windowless, and windowless jets. 
The windowed targets are the simplest type, consisting of a metal cylinder with apertures for the 
beam particles to enter and for reaction products to exit. The apertures are covered by thin 
windows (usually of plastic or metal), which contain the gas. However, at the low energies of our 
capture reaction measurements, the significant energy straggling of the recoils in these windows 
would ruin the energy resolution. For this reason, we will employ windowless targets for SECAR. 
These targets feature a series of pumped chambers, both upstream and downstream, with special 
adjoining apertures of low conductance. This differential pumping technique keeps the majority 
of the gas in the central chamber with significant pressure drops to each of the outer chambers. 
This is crucial to satisfy the stringent vacuum requirements of SECAR that ensure reliable 
performance of the velocity filters, and minimize reactions on residual gas molecules. We 
describe below the windowless jet target that we will use with SECAR, as well as an extended 
windowless gas target system.  
 
4.2.2. JENSA Gas Jet Target System 
The Jet Experiments in Nuclear Structure and Astrophysics (JENSA) Collaboration, whose 
membership has significant overlap with the SECAR Collaboration, have constructed a 
windowless, differentially-pumped, recirculating gas jet target system, which is an ideal target for 
our capture reaction measurements with SECAR. It has areal densities approaching that of a solid 
target (~1019 at/cm2), an extremely narrow jet diameter (~ 4 mm), a rapid drop in pressure (by 
103) outside the 4mm-wide jet, a high purity (> 99%), and very good stability (less than 2% 
pressure variation per hour) [Chi14]. The localization of the target material in the jet effectively 
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produces a point source along the ion-optical axis for the recoils entering SECAR. This mimics 
the source used in SECAR ion-optical simulations whose performance we are trying to realize.   
 
JENSA employs an industrial-strength gas compressor to force gas through a specialized 
convergent-divergent Laval nozzle to create a downward-oriented supersonic jet. Two concentric 
cone-shaped receivers located beneath the jet nozzle efficiently collect the expanding gas where it 
is pumped by a series of 13 high-throughput roots blowers and multi-stage roots pumps. The 
pump exhaust is fed back into the compressor to form a recirculating system. The beam enters the 
system through four differential pumping chambers upstream of the jet, and interacts with the 
target gas in the region between the nozzle and receiver. The reaction products exit the system 
through four downstream differential pumping chambers. The differential pumping apertures on 
the downstream side are necessarily larger than those upstream to accommodate the opening 
angle of the reaction products. A diagram of the system is shown in Figure 4.1, a photo of the 
central region in Figure 4.2, and a CAD drawing of the system in Figure 4.3.  
 
For flexibility in system performance, two different Laval nozzles with minimal inner diameters 
of 0.8 and 1.1 mm have been constructed, and three sets of receivers of different opening 
diameters, ranging from 10 – 30 mm, are available to best match the gas flow through the jet. 
Additionally, the flow rate through the system can be controlled continuously, so that the jet can 
be adjusted to any desired areal density.  
 
The compressor is the heart of the system. Shown in Figure 4.4, it is a custom-designed, 
industrial, ~50 scfm, two-stage, clean diaphragm compressor powered by a 25hp motor. The large 
diaphragm heads move with a frequency of 400 times per minute, which gives a small cyclic time 
variation in discharge pressure about a mean value. The system contains multiple ballast volumes, 
which smooth out pressure variations. It is a loud device, operating with an average noise level of 
77.75 dB and peak-to-peak vibration level of 0.020''; mitigation of these issues is discussed 
below. The compressor also runs very hot, so it has a built-in closed-loop cooling system, which 
maintains the compressed gas at around 10 degrees Fahrenheit above ambient temperature.  
 
JENSA was constructed at ORNL and commissioned there with stable beams in Fall 2013, where 
the operating parameters mentioned in the paragraph above were measured. We attained a world-
record He jet pressure of 1019 at/cm2. Figure 4.5 shows results from commissioning tests at 
ORNL.  
 

 
 
Figure 4.1. Schematic diagram of the JENSA gas jet target system.   
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Figure 4.2. Photo of the central region showing nozzle (top) and receivers (bottom). 

 
Figure 4.3. CAD drawing of JENSA beamline components, with some dimensions shown. The 
distance from the target location to the end of the final downstream pumping stage is 73 cm. 
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Figure 4.4. Photo of the compressor for the gas jet target system.  

Figure 4.5. Results of JENSA commissioning tests at ORNL [Chi14]. 
 
4.2.3. JENSA Modifications for SECAR 
After the JENSA system was commissioned at ORNL in Fall 2013, it was moved to MSU NSCL 
and reassembled in the ReA3 hall (Figure 4.6). The initial setup of JENSA is not as the front-end 
of SECAR, but rather   in   a   “standalone”  mode   to  measure   scattering,   transfer,   (p,), and (,p) 
reactions with p-rich unstable beams; for these measurements, a large central chamber will be 
used and filled with silicon strip detectors surrounding the nozzle. When operated in standalone 
mode, the pumping requirements differ slightly from when the system will be connected to 
SECAR, as the downstream pumping stages are unnecessary. 
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Certain adaptations of the system were made during the installation at MSU. Since the beam 
optics at ReA3 differs from those at ORNL, the dimensions of the upstream differential pumping-
stage apertures were changed. This necessitates new measurements of pressure profiles in the 
system. Additionally, in order to fit the system in the available space, the configuration of certain 
vacuum components had to be adjusted, notably the length of piping connecting the various 
pumps. The addition of two backing pumps to the original four increases the system volume, as 
does an alteration to the compressor feedback loop to include additional interlocks for hydrogen 
safety and rare gas (3He) recollection and storage. The four large roots blowers are now located 
immediately beneath the beamline, minimizing the amount of volume within the receivers. The 
net results of these changes on the total system volume have not yet been determined, but we do 
not anticipate these alterations to have notable implications on rare gas usage or pressure stability.  
 
First beam tests with the new installation at MSU were successfully completed in Feb. 2014, and 
commissioning will continue throughout 2014. The first tests with larger upstream apertures to 
accommodate the ReA3 beam optics demonstrated that the vacuum in the most upstream chamber 
was still sufficient to be below the vacuum interlock on the accelerator system gate valve. Further 
tests are planned to determine the system configuration resulting in the most efficient gas flow.  
 
A number of additional modifications to JENSA are needed for operation as the SECAR front-
end. For efficient operation with the gamma ray detection system we will design a new compact 
target chamber. This target chamber will also be shorter thereby fulfilling the distance constraints 
to SECAR and reducing the size of the apertures needed to transmit the ± 25 mrad full acceptance 
angular range of SECAR. 
 
A number of additional modifications will be carried out as part of the JENSA project and are 
outside the scope of the SECAR project. The JENSA collaboration will increase pumping speeds 
downstream of the target, and will increase the length of various apertures to increase their 
conductances. These measures will ensure that we can fulfill the SECAR vacuum requirements of 
better than 10-5 Torr at the entrance of SECAR and better than a few times 10-5 Torr at the 
location of the velocity filters. The SECAR vacuum system is discussed in more detail in §3.8 
above.  
 
The physical coupling of JENSA to SECAR will likely be made with a combination of a short 
beam pipe and bellows. The farthest downstream pumping stage has already been machined with 
an extra KF40 port on-axis for insertion of a beam diagnostic device such as a Faraday cup or 
silicon detector. Inserting a larger diagnostics box with multiple beam sampling devices, 
however, would not be possible with the current design of the downstream side due to the space 
constraints described above.  
 
The process of optimizing JENSA with new upstream apertures – to match the ReA3 beam optics 
– and new downstream apertures – to accommodate the full SECAR acceptance – is ongoing. 
Tests will be performed in the coming year with a ballast volume attached to the downstream end 
of JENSA to simulate the vacuum load with SECAR, as well as further commissioning tests with 
stable beams to map out the gas profile with the modifications described above.  
 
We note that diagnostics in JENSA are extremely important to determine the integrated beam 
current and target thickness during the experiment. For this, several elastic scattering monitor 
detectors will be used to allow online monitoring of beam-target overlap (luminosity) for beam 
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normalization via elastic scattering. These will be carefully collimated to define angles and 
reduce background from beam scattering on apertures, nozzles and receivers.   
 
In addition to the required changes described above, a number of improvements to the JENSA 
system are planned over the next few years. One improvement being explored is the addition of a 
pre-compression stage that would increase the areal density of the gas jet by up to a factor of two. 
Cryogenically cooling the target, with a high-throughput gas chiller, would also contribute 
roughly a factor of two to three in density. Upgrading pumps to higher throughput models would 
be beneficial. Additionally, a redesigned central chamber with a thinner wall will better facilitate 
gamma-ray detection; this is discussed in §4.5 below. 

 
Figure 4.6. JENSA gas target placement at ReA3 indicating also the placement of the first 
elements of the SECAR recoil separator. 
 
 
4.2.3. Extended Windowless Gas Target 
While we will operate the JENSA system in jet mode for most experiments with SECAR, there 
are some instances when it will be advantageous to operate it as a windowless gas cell of order 10 
cm long, without the jet capabilities. Such cases include those in which the energy of a resonance 
has sufficient uncertainty as to make it difficult to reliably position inside the gas jet. Running 
with an extended target will enable the sampling of a larger region of excitation energy, and in 
some cases be a precursor to a more focused experimental run with the jet target.  
 
As part of the SECAR project we will therefore design and build an extended windowless gas 
target (WGT) system that uses a portion of the JENSA setup, including the upstream and 
downstream differential pumping stages, two large roots blowers, two small roots blowers, six 
turbomolecular pumps, and two Ebara multistage roots backing pumps for the differential 
pumping. The central JENSA chamber is swapped for a disk-shaped chamber (Figure 4.7) that is 
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filled with gas at a static pressure, and the pumping schematic is altered slightly to account for the 
different loads. For example, the six turbos are backed by the differential pumping chamber that 
is just upstream of the main disk-shaped chamber, which is pumped by one of the large roots 
blowers. The target can provide ~5 Torr of hydrogen or 10 Torr of helium inside the main target 
disk. This system is similar in design to a previous system used with the DRS at ORNL.  
 
Between each pumping stage, four upstream and four downstream, are the JENSA apertures, 
designed to allow beam or recoil particles through the target while minimizing the gas flow 
between pumping stages. The roots blowers and their backing blowers and pumps, equal in 
capacity, pump on the first up- and downstream stages (instead of on the receivers). The turbos 
are installed on each successive up- and downstream stage, as is the case with the JENSA setup. 
 
Tests of this WGT will be performed at ReA3 with both hydrogen and helium. Because the 
operational parameters are nearly identical to both the JENSA target and the previous WGT at 
Oak Ridge, it is not anticipated that the characterization and commissioning will encounter any 
difficulties. 
 

 
Figure 4.7. Central chamber of the Windowless Gas Target system, featuring multiple ports for Si 
detectors to be aimed at the central region. The beam travels along the horizontal axis in the 
center of the chamber. 
 
The technical requirements for the extended gas target are as follows. A length of approximately 
10-15 cm of gas is required. The longer the target, each BGO crystal in the -ray detector system 
(§4.5) is a smaller fraction of the total target size, which improves the position resolution when 
trying to locate and center a resonance of uncertain energy. If the gas target is too long, on the 
other hand, the ion optics of the SECAR system become significantly worse: roughly a factor of 
two loss in mass resolution due to the effectively unknown location of each individual 
beam+target interaction. This length is comparable to extended gas targets that have been used in 
connection with other recoil separators. The DRS was successfully operated with a NABONA-
style, ~14 cm long target, and DRAGON operates with a ~10 cm long target. 
 
It is absolutely necessary to include sufficient pumping downstream of the target to allow the 
downstream velocity filters to operate at low pressures (10-7 Torr) and also to reduce interactions 
of projectiles and recoils with residual gas molecules. Furthermore, good vacuum must be 
achieved without windows which cause scattering and straggling of the beam and recoils. The 
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extended target will operate with up to 10 Torr of gas, generally hydrogen or helium, inside of the 
main target volume, to provide a reasonable target density. Restrictive differential pumping 
apertures, pumping stages, and vacuum pumps both upstream and downstream of the main target 
volume will reduce this pressure to the necessary level at the exit of the JENSA system. On the 
upstream side, we will use the same differential pumping apertures on the extended gas target as 
we will use with the gas jet target. Downstream, however, we will utilize different aperture sizes 
based on the altered ion optics caused by the length of the extended target. These differential 
pumping  apertures  are  simple  to  swap  out,  such  that  “on  the  fly”  modifications  are  possible  when  
venting the target area. In addition, the pumping scheme will vary from the gas jet to the extended 
gas target due to the different gas load, but it will not require any additional pumps, only small 
amounts of additional vacuum equipment (e.g., hoses, connectors, O-ring seals). 
 
The main target volume, in the form of a specially designed chamber,   should   be   “swappable”  
with the gas jet target chamber, and this will be factored into the design. The connection with the 
differential pumping stages should be ISO 100 LF, which is the current existing flange type. To 
facilitate the mounting and alignment process, the first upstream and first downstream differential 
pumping apertures should mount either from the brass rings, as currently, or from something 
within the target chamber itself, to avoid interference when mounting the extended gas target 
chamber. 
 
Ion optics calculations have indicated that the main target volume should be centered 
approximately 80 cm from the first quadrupole to minimize the effect of the extended target on 
the mass resolution of SECAR. This is also the position of the jet when using the gas jet target 
system. Centering the extended target on the gas jet location was shown by ion optics calculations 
to be preferential to shifting the entire extended target up or downstream.  
 
Finally, we will take great care to precisely determine the effective length of the main target 
volume. This information is crucial to convert a counting rate into a resonance energy. This 
effective length can and will be measured using a proven technique with a known resonance and a 
collimated gamma detector [Fit05], which is discussed in detail in the SECAR Commissioning 
Plan. 
 
4.3. Diagnostic Systems  
Determining the flux, composition, and spatial distribution of ion beam at key locations along our 
ion-optical axis will be crucial to successfully measuring the weak capture reaction recoils in the 
presence of an extremely intense background of projectiles. Since 100% transmission of a 
selected recoil charge state is one of our goals, we need to ensure that the beam is extremely well 
aligned in position and angle with the target, as small misalignments at the target will be 
magnified significantly at the final focal plane 40 m downstream. Since physical projectile 
rejection of the order of 10-13 by the separator alone is another of our goals, we need to monitor 
the location of intense groups of projectiles at various locations in our system and insert slits to 
intercept these groups when possible without also intercepting recoils. Since the beams we often 
work with will be contaminated, a composition determination will be crucial.  
 
We have planned for an extensive set of diagnostics in our system to make these flux, 
composition, and distribution determinations. Some are based on charge deposited in a plate, 
wire, or slit, while others are based on radiation after implantation or scattering. The systems we 
will build and deploy as part of the SECAR project include:  phosphor targets with viewing port 
(Viewer), Faraday cups (FC), CCD cameras; x-y or x slits with current leads to measure beam 
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profile and position (XYS or XS, respectively), and beam centering monitors (BCM) reading 
current off a four-quadrant plate. A beta and positron detection system to monitor radioactive 
beam will also be built. In addition, we will take advantage of existing detection systems at 
NSCL, which we will use as needed for the SECAR project. These include beam-sampling plates 
with decay detectors that intercept radioactive beam, silicon and diamond detectors that can be 
directly inserted into the beam, and gamma ray detectors.  
 
 
For some experiments, composition determination is extremely important, as it is needed to 
correct a total beam current measurement for that of the species of interest, and also to properly 
subtract backgrounds. One method of determining the composition of a contaminated beam is to 
transmit the beam, after attenuation by a factor of ~104 or more depending on the intensity, to the 
gas ionization counter at the focal plane, and use Z discrimination to directly measure the ratio of 
the beam components. We have designed the SECAR components to handle beams of high 
rigidity (up to 0.8 Tm) so that beam can be transmitted to the focal plane without having to 
change charge states. Some limitation for the highest energies and masses were considered 
acceptable. 
 

 
Figure 4.8. Decay spectrum from beam intercepting paddle in a measurement of the 17F(p,)18Ne 
reaction with the DRS at ORNL [Chi09a]. 
 
However, such a method interrupts the measurement and requires a retune of the separator. 
Therefore, a preferred method is to employ a beam sampler that periodically intercepts the beam 
and transfers a sample in front of a detector to measure decay radiation. During the interception 
time, the measurement is briefly (~few seconds) halted, but resumes after implantation is 
finished. This approach was successfully implemented in a measurement of 17F(p,)18Ne 
measurement with the DRS at ORNL [Chi09] (Figure 4.8). At DRAGON, the approach has been 
to continuously monitor the deposition of the beam on a set of the slits when the separator is 
tuned to transmit the recoils (Figure 4.9). Here, a measurement of 23Mg(p,)24Al was plagued by a 
23Na beam contaminant that was 100 – 1000 times more intense [Eri09]. While the total beam 
was measured periodically with Faraday Cups and the total current monitored on a set of slits, the 
23Mg content needed to be monitored via its decay. Figures 4.10 and 4.11 show the development 
of the 23Na/23Mg ratio and the extracted 23Mg ion beam as a function of time (run number) during 
the experiment. 
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Figure 4.9. Slit box at DRAGON equipped with several detectors to continuously monitor the 
radioactive beam content of the beam delivered by ISAC at TRIUMF. 
 
A crucial method we will utilize is to have a number of techniques that, when combined, can 
diagnose particle fluxes over a broad range of intensities. For example, inserting a Si detector 
directly along the ion-optical axis can detect intensities from roughly 1 – 103 pps. Subsequently 
inserting a target and viewing it with a tightly collimated Si detector can measure particle fluxes 
from roughly 102 – 109 pps via elastic scattering. Then, using a well-suppressed Faraday cup, we 
can measure intensities of 108 – 1012 pps, or perhaps as low as 107 pps for high charge state 
recoils. The combination of these three approaches in one diagnostic chamber therefore allows 
the measurement of 12 orders of magnitude of particle flux.   
 
As the actual methods and detectors used in a specific experiment depend on the beam and 
impurity types encountered, which will vary strongly from experiment to experiment, we will 
assemble a suite of detectors that can be reconfigured to perform the needed diagnostics for any 
given experiment. These will include a number of small Germanium detectors (with or without 
anti-Compton shield) that were obtained surplus from Yale University. We will also need to 
obtain detectors for the measurement of --decay and +-decay originating from deposits on the 
slits, and NaI detectors to monitor gamma decays from positron decays within the intercepting 
sampler.  
 
The locations of planned diagnostics for our system are shown in Figure 4.12. We will employ 5 
slits, 6 Faraday cups, 7 beam centering monitors, as well as a variety of the more specialized 
detectors described above. Schematic diagrams of a beam viewer and a Faraday cup are given in 
Figure 4.13.  
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Figure 4.10. Ratio of stable 23Na to radioactive 23Mg beam content in the 23Mg(p,)24Al 
experiment at DRAGON [Eri09]. 

 
Figure 4.11. 23Mg beam intensity as delivered for the DRAGON experiment (1 run number equals 
app. 1 hour); note that the beam is more stable than the ratio to the much stronger 23Na 
component. 
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Figure 4.12. Location of some of the diagnostic devices we will utilize in SECAR.  
 
 

 
Figure 4.13. Schematic diagram of beam view (left) and Faraday cup (right) assemblies for 
SECAR diagnostics. 
 
4.4. Focal Plane Detector Systems 
 
4.4.1. Overview 
SECAR is designed to provide a very high degree of discrimination between the recoils of 
interest and unreacted projectiles through electromagnetic separation. From past experience, 
however, the flux of ions reaching the focal plane will likely be dominated by scattered 
projectiles, which were not eliminated by electromagnetic separation. This “leaky   beam” is 
supplemented by another serious background: products of reactions on contaminant ions in the 
beam. The focal plane detector systems, working in conjunction with gamma-ray detection 
around the target, must provide a high degree of discrimination between the capture reaction 
recoils of interest and all background ions. This section describes the general considerations for 
the design of a state-of-the-art detection system at the SECAR final focus, as well as details of the 
system components.  
 
4.4.2. Design Considerations 
Due to the broad range of beam properties (e.g., energy, mass, and purity) anticipated for the 
SECAR experimental program, no single instrument at the SECAR focal plane would be suitable 
for all experiments. For example, the use of gas ionization counters is preferred for ions at higher 
energies due to the high degree of discrimination that can be achieved by particle identification 
through relative energy-loss (E-E) techniques. However, this approach becomes rather 
ineffective for very low energy ions, while solid-state devices like silicon strip detectors have a 
substantial advantage due to their superior energy resolution. Since the signals from gas 
ionization counters and silicon detectors are relatively slow, complementary detectors with 
excellent timing are needed to achieve powerful recoil-projectile discrimination through their 
differing time-of-flight (TOF) through SECAR.  
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The general guiding principle of our focal plane system is to provide a flexible framework that 
can be adapted to the particular conditions of different experiments. We will construct an initial 
suite of instruments that includes: microchannel plate and scintillation detectors for high 
resolution time-of-flight and position measurements; silicon strip detectors for excellent full 
energy determination; and a gas ionization detector for good atomic number identification. The 
initial detectors we propose build upon well-established techniques developed for the DRAGON, 
DRS, and other separator systems. We will deploy these detectors in a variety of configurations to 
address the needs of the initial experimental program. For maximum flexibility, we will utilize a 
rail system that enables quick swapping of pre-aligned instruments downstream of the slit box at 
the focus position. Our focal plane system will be designed to accommodate other instruments, 
such as beta and gamma detectors, that are not included in the initial set of dedicated instruments 
but are needed for certain experiments. We may develop such instruments in the future or borrow 
them from collaborators.  
 
4.4.3. System Layout 
A schematic layout of the focal plane is shown in Figure 4.14. The ion-optical focus of SECAR is 
located 2.21 m downstream of the exit of the last quadrupole magnet (Q15). A set of slits will be 
located just upstream of the focus position in order to block groups of scattered projectiles from 
reaching the downstream detectors. The focal plane module will occupy a total length of 4.0 m, 
spanning from about 2.0 m upstream of the focus to 2.0 m downstream of the focus. A large area 
carbon-foil microchannel plate detector, described below, will nominally be positioned 1.6 m 
upstream of the focus and will measure the position of the ions just downstream from the exit of 
the last quadrupole and near the entrance to the focal place. This microchannel plate detector will 
also serve as one part of a local TOF system. A Faraday cup, beam viewer and scintillator, and 
other diagnostics will also be positioned near the focus. A number of extra ports will be included 
in this area to accommodate additional devices to be added in the future.  
 
A 4-jaw slit system will be installed just upstream of the diagnostics (just upstream of the focus). 
While the horizontal slits are most important to eliminate groups in the dispersive plane, vertical 
slits may be beneficial to eliminate leaky scattered beam. The slits will be electrically isolated 
with the capability to read current, which will be particularly beneficial for stable beam 
commissioning and pilot beam development. Downstream of the focus by 0.37 m will be a 
second carbon-foil microchannel plate detector that forms the second part of a ~ 2-meter long 
TOF system and will also serve to measure the trajectory of ions. The arrangement of the TOF 
system shown enables subsequent downstream detectors to be closer to the final focus, thereby 
reducing their size to capture the diverging ions. A variety of detectors, such as a gas ionization 
detector or a silicon strip detector, will follow the TOF system, and we will incorporate the 
flexibility to accommodate other detectors as well. In the event a staged approach to SECAR is 
implemented (see §3.9.), this same focal plane arrangement will be utilized except that the final 
focus will be located 2.45 meters from the last magnetic element, and a slightly longer adapting 
piece will be required to couple the focal plane system to the SECAR vacuum system. 
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Figure 4.14. Schematic diagram of focal plane detection system. 
 
4.4.4. Carbon-foil Microchannel Plate Detectors 
Carbon-foil microchannel plate (MCP) detectors have been widely utilized for detection of heavy 
ions due to their good position (< 1 mm) and timing (<1 ns) resolution while tolerating high 
instantaneous rates (up to 106 pps) and inducing only small energy losses to heavy ions. One 
system developed by Shapira et al. [Sha00] and illustrated in Figure 4.15 has been used in 
experiments at the HRIBF [Kol12] and the NSCL [Mat12]. These detectors are particularly useful 
for providing fast signals needed to discriminate capture reaction recoils from scattered 
projectiles via TOF. This is illustrated in measurements at the DRAGON separator of TOF 
signals between gamma-ray detectors at the target position and an MCP at the separator focal 
plane [Rui00], shown in Figure 4.16.a, and between two MCPs at the focal plane [Fal12], shown 
in Figure 4.16.b. TOF signals are particularly useful in cases where the energy of the recoiling 
ions is low and energy loss techniques in gas ionization counters do not provide a good measure 
of the atomic number of the ions. The TOF provides sensitive discrimination in such cases since 
the time of flight through the separator is relatively long, and the heavier recoils have lower 
velocity than the projectiles.  
 
A local TOF system, with two MCPs separated by a short drift length, will be utilized at the 
SECAR final focal plane. The system will span a length of about 2 m, from 1.6 m upstream of the 
focus to 0.37 m downstream of the focus. Recoils with energies near the lowest to be measured 
(about 0.2 MeV/u) have a speed of v/c~2% and take approximately 340 ns to traverse the 2 m 
distance between the TOF detectors. With an absolute TOF resolution of less than 1 ns from the 
detector response, this corresponds to about 0.3% resolution in TOF, which is generally lower 
than the spread in flight times resulting from reaction kinematics. The timing resolution, however, 
is not as effective at higher energies: at 3 MeV/u, recoils have a speed of v/c~8%, a local TOF of 
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about 85 ns, and a TOF resolution of about 1.2%. This resolution will limit the projectile – recoil 
discrimination in such cases, but relative energy loss measurements will provide powerful 
additional discrimination in such circumstances. 
 
The good position resolution of MCPs will enable us to determine the position and trajectory of 
each ion as it enters the final focal plane. This can improve our recoil-projectile discrimination in 
three ways. First, since this is a mass-dispersed focus, we can reject particles that have a mass 
different from that of the recoils. Second, we anticipate in some cases that the flux of scattered 
projectiles has the possibility of overwhelming the downstream detectors if not blocked. We can 
use the MCP position and trajectory signals to arrange slits – at the focal plane or even upstream 
– to eliminate the scattered projectiles (leaky beam) from entering downstream detectors (e.g., a 
gas ionization detector or silicon strip detector) which have slower response and are limited in 
their instantaneous event rate. Finally, the trajectory information from the MCPs can enable a 
correction to the recoil TOF through the system via reaction kinematics and ion optics, which can 
further improve the recoil – projectile discrimination.  
 

 
Figure 4.15. Schematic diagram of carbon-foil MCP [Sha00]. 
 

 
Figure 4.16. Focal plane detector measurements at DRAGON: (a) Separator TOF vs. silicon 
detector energy from 26Al(p,)27Si measurement [Rui00] and (b) local MCP TOF vs. separator 
TOF from a measurement of 33S(p,)34Cl [Fal12].  
 

(a) (b) 
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4.4.5. Gas Ionization Detectors 
At energies greater than about 0.5 MeV/u, particle-induced ionization of a number of gases 
(commonly isobutane, P10, or CF4) provides good determination of the particle energy and 
atomic number Z via a measurement of the relative energy loss (E-E). The reactions we will 
measure with SECAR are hydrogen and helium fusion, which change Z by 1 or 2 units, 
respectively. Good Z resolution therefore provides a powerful technique for discriminating 
capture reaction recoils from scattered projectiles. Since the reactions of interest are on the 
proton-rich side of stability, stable isobaric contaminants in the beam have a lower Z and are also 
easily discriminated using this approach. In Figure 4.17.a, we show a particle identification plot 
from a measurement of the 17F(p,)18Ne reaction at an energy of 0.6 MeV/u [Chi09b]. The 
combined relative energy loss and total energy measurement provided by the ionization chamber 
allowed greater than 104 discrimination between the leaky beam and the 18Ne fusion products of 
interest, resulting in a clean identification of 18Ne (with less than 20% background) without using 
any timing information. However, the effectiveness of particle identification with gas ionization 
detection is quite sensitive to the energy and atomic number of the ions. 
 
One additional issue with gas ionization detection is that the drift of ions in the gas is relatively 
slow and pile up can be problematic at high instantaneous count rates. While our goal is to utilize 
the high suppression of scattered projectiles by SECAR to keep background event rates as low as 
10-2 ions/s at the final focal plane, the duty cycle of the beam from the ReA3/FRIB EBIT charge 
breeder ion source will produce an instantaneous beam rate on target that could be one to two 
orders of magnitude higher than that obtained with a DC beam. Some beams may also contain a 
mixture of several isotopes, including some that can be significantly more intense than the ions of 
interest. These factors can result in higher instantaneous rates of ions at the focal plane. New ion 
counter designs, however, have significantly reduced the ion drift lengths by using successive 
anode/cathode planes that are perpendicular, or nearly perpendicular, to the incident beam 
direction [Cha14]. In Figure 4.17.b, we show a particle identification plot from such a detector 
using a mixed 17F/17O beam similar to that shown in Figure 4.17.a. This approach allows good 
particle identification even with instantaneous count rates of several hundred thousand ions/s. 
One feature of such designs is that about 1% of the incident ions are stopped on successive planes 
resulting in erroneous full energy measurements for a few percent of the total ions. However, 
such events are easily discriminated from the recoils that have a higher Z and higher relative 
energy loss (E) than leaky beam. 
 

 

(a) (b) 
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Figure 4.17. (a) DRS particle identification plot from a traditional gas ionization detector from a 
measurement of the 17F(p,)18Ne reaction using a mixed beam of 17O and 17F [Chi09b]. (b) 
Particle identification plot from a new fast-counting ionization detector with a similar mixed 
beam of 17O and 17F [Pra14].  
 
  
4.4.6. Solid State Full Energy Detectors 
Gas ionization detection is preferred for incident particle energies greater than about 0.5 MeV/u 
due to the powerful Z discrimination via measurements of relative energy loss. However, gas 
ionization only provides a full energy resolution of about 5% in the energy regime of interest for 
most of the SECAR experimental program. At lower energies, this energy resolution is even 
worse in gas counters, and particle identification becomes ineffective. In such cases, it is 
advantageous to stop the ions in a solid state (e.g., silicon strip) detector that provides a more 
accurate (better than 1%) full energy measurement. Since the capture reaction recoils have a 
lower energy than the projectiles, accurate full energy measurements can help discriminate recoils 
from leaky beam. This approach was utilized, for example, in a measurement of 26Al(p,)27Si with 
the DRAGON system; data is shown in Figure 4.16.a. Alternatively, in some cases it may be 
advantageous to stop the ions in a fast plastic scintillator that can provide timing that is superior 
even to MCPs. This approach would allow a more precise timing with, for example, gamma ray 
detection at the target. 
 
For maximum flexibility, we will develop an auxiliary vacuum chamber accommodating a variety 
of solid-state detection techniques at the final focal plane (initially silicon-strip and/or plastic 
scintillator). Single wafer silicon strip detectors are now available that cover areas as large as 
10x10 cm2; an example, the Micron TTT, is shown in Figure 4.18. We propose in the initial suite 
of instruments to deploy a detector similar to the TTT. However, the full segmentation of the TTT 
will not be necessary, and we initially propose to tie strips together resulting in ~3 mm position 
resolution with 64 channels of electronics required for initial implementation. Higher position 
resolution may be achieved in the future by borrowing or procuring additional electronics 
channels 
 
Silicon strip detectors like the TTT provide powerful discrimination through their excellent 
energy resolution, but they have relatively poor timing resolution. This is why it is important that 
they be complemented by a different TOF system like the carbon-foil MCPs. However, in some 
cases the performance of microchannel plate detectors is substantially reduced, for example with 
higher energy lighter ions where the efficiency can be low. In such cases, it can be preferable to 
implement a plastic scintillating foil read out by silicon photomultipliers as the final detector, 
which provides excellent timing resolution with nearly 100% efficiency. In these cases, TOF 
between the scintillating foil and the gamma-ray detectors and accelerator RF can provide better 
discrimination. We will implement scintillating foil detectors that can be utilized either in stand-
alone mode, or more commonly as the final energy detection inside of the gas ionization detector 
that can also provide discrimination via Z identification by E-E. 
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Figure 4.18. Drawing of the Micron Design TTT detector that will be initially implemented for 
SECAR has 10 cm X 10 cm area with 0.75 mm pitch, though we will initially tie adjacent strips 
together for 1.5 mm position resolution with 128 electronics channels. 
 
 
 
 
4.4.7. Diagnostics 
Near the focus, we will place a number of diagnostic instruments including a Faraday cup, beam 
viewers and scintillators. The placement of these is indicated in Figure 4.12. These detectors are 
described in Section 4.3 and will be similar to those deployed at other positions in SECAR. 
 
4.5. Gamma Detector Array  
One of the most important detector systems at DRAGON turned out to be a high efficiency BGO 
gamma detector array around the gas target chamber. This system, although not in the original 
DRAGON proposal, has provided data invaluable to the analysis of every experiment. As shown 
in Figures 4.19 and 4.20, the array is tightly packed around the DRAGON gas target to provide 
over 90% geometrical efficiency.  

 

 
Figure 4.19. Schematic of the placement of the DRAGON BGO detector array around the 
extended, windowless gas cell. 
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Figure 4.20. DRAGON BGO array in operation. 
 
Signals from the BGO arrays have primarily been used as a gamma ray trigger, providing a 
coincidence signal with a focal plane detector. For  our  measurements,  they  can  provide  a  “start”  
time for a measurement of recoil TOF through the separator. This was demonstrated in a 
DRAGON measurement of the low energy, astrophysically relevant resonance in 21Na(p,)22Mg: 
using a focal plane silicon strip detector as   a   “stop”   signal, plotting the TOF vs. the energy 
deposited in the strip detector (Figure 4.21) gave a clean separation of 22Mg recoils compared to 
the non-correlated “leaky beam” particles (which also have a slightly higher energy). 

 
Figure 4.21. Separator time-of-flight (BGO gamma hit to focal plane hit) plotted against focal 
plane energy deposit clearly revealing the recoil signal in 21Na(p,)22Mg [Bis03]. 
 
Because the gamma ray spectra encountered with lighter nuclei are typically uncomplicated, we 
will also use the BGO array to probe decay schemes. An example from the same DRAGON 
experiment described above is shown in Figure 4.22, where two resonances differing in energy by 
only 26 keV were distinguished through their changing gamma decay pattern.   
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Efficiency is critical for coincidence experiments, especially with radioactive beam experiments 
where rates of a few recoil counts per day at the focal plane are not uncommon. Knowledge of the 
emitted gamma ray lines and their probabilities is needed to calculate the coincidence efficiency 
of a BGO-focal plane detector combination. While the DRAGON BGO array covers over 90% of 
the solid angle, the varying thickness of the detector material gives in practice coincidence 
efficiencies between 50-80% depending on the gamma energy and multiplicity. If the decay 
pattern is unknown for the reaction of interest, we plan on substituting high-resolution gamma-ray 
detectors for a few of the BGO detectors. One possibility is to utilize some LaBr3:Ce detectors 
from the NNSA-funded HAGRID array that is currently under construction. 
 

 
Figure 4.22. 21Na(p,)22Mg measurement of higher lying resonances showing the excitation 
function above 1 MeV (bottom) and the gamma hit pattern (highest energy gamma plotted with 
next highest energy gamma) together with their projections [Jew05]. 
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Figure 4.23. BGO detectors from the Yale Multiplicity array at CSM. 
 
With the closure of the Yale Nuclear Structure Lab, 29 of their hexagonal BGO crystals were 
transferred to Colorado School of Mines (Figure 4.23). These detectors are BICRON 1.64 M 2.95 
BGO / 1.12 L – X (HEX), which have a smaller cross section than the DRAGON BGOs but a 
similar length. They also have a higher packing fraction, reaching a front surface area of ~90%. 
These detectors will first be used in experiments at ReA3 with JENSA operating in a standalone 
mode. If we locate the BGO elements outside the large target chamber containing silicon detector 
arrays, the solid angle subtended for gamma rays will only be ~10%. For the radiative capture 
measurements with SECAR, the silicon arrays and their large chamber will be removed from 
JENSA, replaced with a narrow chamber enabling high efficiency gamma-ray detector coverage 
around the beam/gas interaction zones. It is anticipated that a gas jet will be used when resonance 
energies are reasonable well known and recoil angles are a concern. An extended gas cell target 
may also use the gamma detector array to determine the position of resonances in the gas target, 
as well as for measurements where higher precision in gas pressure and charge state distribution 
is needed; this is discussed in §4.2. 
 
A possible arrangement of the Yale BGO crystals around the JENSA target is shown in Figure 
4.24. For this SECAR BGO array, we need to construct a new vacuum chamber with special side 
ports for insertion of crystals. We will also need to purchase of 10-12 new BGO detectors to 
increase our solid angle coverage. All existing detectors have been tested to work, giving 
responses at a fixed HV within a factor of 3.   
 

 
Figure 4.24. Possible BGO Crystal arrangement around JENSA gas jet for SECAR 
measurements; 29 crystals of the 38-crystal arrangement exist; Yellow crystals may move in 1 
inch if the pumping speed restrictions can be tolerated. 
 
We note that TOF measurements through the separator, crucial for ReA3 experiments, will 
become even more important with the large radioactive beam currents expected at FRIB. These 
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will present a special challenge for our BGO system, however: their slower timing means they 
may be overwhelmed by decay radiation (at rates over a MHz) from radioactive beam particles 
spilled in the gas target region (Figure 4.25). In such cases, accidental coincidences between 
leaky beam at the focal plane and the decay background can mimic coincidences. At that point, 
replacement of the BGO array with faster detectors will likely be necessary. We anticipate that 
this will only be necessary for experiments with beam intensities in excess of 1010 pps.  
 

 
Figure 4.25. Rise time comparison Yale BGOs versus DRAGON BGOs. 
 
Simulations of the proposed SECAR BGO array have been made to determine total efficiency 
and position resolution. The efficiencies for several different gamma ray energies are listed in 
Table 4.1, based on the array designs in Figures 4.26 and 4.27. 
 
Table 4.1: Calculated efficiencies for the different target designs, from MCNP Monte Carlo 
simulations. 

Gamma-ray energy (MeV) Jet target array efficiency (38 
crystals) 

Extended target array 
efficiency (36 crystals) 

0.662  41% 63% 
1.274 25% 49% 
5 12% 27% 
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Figure 4.26: Preliminary BGO array design for the shortened gas jet target chamber, beam enters 
lower right to upper left. 

 
Figure 4.27: Preliminary BGO array design for the extended gas target, beam enters lower right to 
upper left (port for beam pipe is apparent). This array utilizes 36 BGO detectors and is 63% 
efficient for a 662 keV source gamma ray line, covering nearly 4 steradians. 

For the gas jet target, a full, symmetric array of 38 BGO detectors is needed. For the extended 
target, the full array is 36 detectors (the difference is due to target chamber size and the resulting 
possible symmetries). MCNP calculations indicate that a symmetric array comprised of only the 
currently available 26 BGO detectors for the extended gas target would result in significant 
efficiency losses: at 5 MeV, the efficiency of the 36 detector array is nearly double (1.9x) the 
efficiency of the 26 crystal array. A loss in efficiency of this magnitude would require double the 
amount of beam time to get the same statistics. In addition, the additional crystals improve the 
analysis of gamma-gamma coincidences, which require higher statistics. 
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Figure 4.28: Position resolution simulations assuming three positions for a 0.662 MeV source (-2, 
0, and 6 cm with respect to the target location). Each dot in the top panel is a detector location. 
Fitting these curves results in the reconstructed source positions. 

Position resolution simulations indicate that we can reconstruct the location of a source to better 
than 1 cm within the extended gas target; see Figure 4.28. Three source locations were simulated 
with respect to the target location. The number of counts per incident gamma ray for each BGO 
position is plotted in the top panel. Fitting these distributions with a Gaussian distribution allows 
the reconstruction of the source position. Residuals (the difference between the simulated and 
reconstructed source positions) are shown on the plot in the bottom panel of Figure 4.28. 
 
Other types of detector for the target location gamma array were considered. The most promising 
substitute,  Saint  Gobain’s  Briliance  380  LaBr3  detector,  is  roughly  a  factor  of  3  more  expensive.  
While the energy resolution is improved by about a factor of 3 and the timing is considerably 
faster, the crystal has less intrinsic efficiency, and would suffer additional efficiency losses due to 
its cylindrical (instead of hexagonal) design. For these reasons, the design adopted for SECAR is 
based on the existing BGO detectors, supplemented with additional new BGO detectors of similar 
type. 
 
4.6. Detector Electronics and Data Acquisition System 
The SECAR system uses three categories of detectors: those near the target, diagnostic detectors 
located at various points along the separator, and detectors at the final focal plane. Target-area 
detectors include Si detectors for elastic scattering measurements and the BGO array. Diagnostic 
detectors are primarily decay monitors located in and around various diagnostic chambers. At the 
final focal plane, a gas ionization counter, two microchannel plates for TOF, Si strip detectors 
and/or plastic scintillators for total energy measurements, and a few other specialized systems 
such as a tape drive and beta / gamma detectors will be used.  
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We will employ the Digital Data Acquisition System (DDAS) already in use at the NSCL to 
collect, store, and process the signals from the collection of all of these detectors (Figure 4.29). 
The use of a fully digital system allows for greater flexibility and forward-compatibility than a 
traditional analog system. Specifically, using a system already in use at NSCL will have the 
advantage of using existing knowledge and software. In addition, spares can be borrowed from 
the NSCL electronics pool.  
 
The NSCL DDAS is a modular system composed of Pixie-16 modules manufactured by XIA 
LLC distributed across up to eight compact PXI/PCI crates. Each crate is capable of holding 13 
modules including a computer module to control the crate. The Pixie-16 modules employ Analog 
Devices ADCs, either 12-bit 100 Mega-Samples Per Second (MSPS) or 14-bit 250 MSPS. The 
modules have two hardware gain settings with 0.52 V and 1.2 V full-scale input ranges. Clocks 
can be synchronized between crates using Ethernet cables and dedicated modules in the back of 
the crate. Trigger levels can be adjusted on a channel-by-channel basis. The Pixie-16 cards can 
send out and receive trigger signals if required. A number of coincidence requirements can be set 
for a card to send out a trigger signal. Gate widths are flexible enough for most purposes. Any 
additional data sorting and gating can be done in software, since timestamps will be available for 
all channels.  
 
We will use two crates with synchronized clocks for the target and focal plane detectors, and 
merge the data streams on the main DAQ computer. We will procure five Pixie-16 cards for the 
focal plane detectors, three for the -array, and two for the elastic scattering monitors and the 
diagnostics. 
  

 
Figure 4.29: DDAS at NSCL, from [Sta09] 
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