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Recoil separator for ReA12
• Workshop in July 2014

• Convergence towards the 
ISLA design

• White paper
• Published in Feb. 2015
• Scientific case for a recoil 

separator coupled to ReA12 
re-accelerated beams

• FRIB working group
• http://fribusers.org/

workingGroups/isla.html
• Download white paper

• Preliminary layout & 
magnet studies

• S. Debord (SupMeca student, 
France)
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Science goals with ISLA

   

feature of SECAR is its very high rejection efficiency for unreacted primary beam, which 
is necessary to allow direct astrophysical rate measurements with very low cross sections. 

We propose a recoil separator following ReA12 to address a wide variety of physics cases 
based on fusion-evaporation, Coulomb excitation, transfer, and deep inelastic reactions by 

providing a large angular, momentum, and charge state acceptance; a high M/Q resolving 
power; and the flexibility to couple to a variety of auxiliary detector systems for gamma, 
charged particle and neutron spectroscopy. ISLA, the Isochronous Separator with Large 
Acceptance, has been proposed and endorsed by the community to meet the goals of the 
ReA12 recoil separator. 

The goals of the ReA12 accelerator and the associated recoil separator are congruent with 
the broader FRIB facility.  Specific examples of physics cases, shown in Figure 4, are 
discussed in this section. These physics cases were submitted by interested experimenters 
to the recoil separator working group conveners in response to a call for possible 
experiments involving a recoil separator following ReA12. The proposals include 
experiments in light, medium and heavy isotopes; experiments in neutron-rich and 
neutron-deficient isotopes approaching both driplines as well as actinide and 

FIGURE 4: ALREADY PROPOSED PHYSICS CASES FOR THE REA12 RECOIL SPECTROMETER LABELLED BY 

REGION ON THE CHART OF NUCLIDES. THE LARGE BRACKETS SHOW THE RANGE OF INTEREST FOR CASES 

THAT ARE PROPOSED TO INVOLVE A LARGE FRACTION OF THE ENTIRE CHART. MANY OTHER STUDIES 

BEYOND THOSE INDICATED HERE WILL BE POSSIBLE AND WILL ULTIMATELY BE PURSUED AT THE 

COMPLETED FACILITY. 
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Best of  both worlds 
• Compromises between acceptance, resolution and focal plane size
• Small acceptance spectrometers

• Small acceptances ☹, small aberrations 🙂, small focal plane 🙂, good 
resolution 🙂

• Examples: FMA, RMS, Wien filters

• Large acceptance spectrometers
• Large acceptances 🙂, large aberrations ☹, large focal plane ☹, poor 

resolution ☹ can only recover using large tracking detectors

• Examples: VAMOS, PRISMA, MAGNEX

• Gas-filled spectrometers
• Large charge state acceptance 🙂, poor resolution ☹

• ISLA combines large acceptances with excellent resolution
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ISLA: conceptual design
• Inspired from the TOFI design at 

LANL
• Isochronous device: time-of-flight 

independent of momentum vector
• Dispersive focal plane used to reject 

beam (similar to S3)
• Selected ions in focus at final focal plane

• Characteristics
• High M/Q resolution < 1/1000

• Dominated by beam packet time resolution

• Large acceptances
• Momentum: ±10%

• Solid angle: 64 msr (±200 mrad H, ±80 mrad V)

• Small aberrations < 5.10-4

• Adapted to beams 12-15 MeV/u
• Maximum rigidity: 2.6 T.m.

DI
Target

Dispersive
Focal Plane

Isochronous
Achromatic
Focal Plane
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J. M. Wou t ers e t a l . / Op t i ca l des i gn o f the TOM spec t rome t er

way we p l an to measure 30 to 40 new masses o f l i gh t neu t ron- r i ch i so topes w i th an es t i ma t ed s t a t i s t i cs- l i m i t ed
er ror o f 30-1000 keV . W i th de t ec tor i mprovemen t s l ead i ng to be t t er a tom i c number i den t i f i ca t i on i t shou l d
be poss i b l e to ext end these measuremen t s i n to the l i gh t f i ss i on produc t reg i on .

2. TOR - a t i me -o f - f l i gh t i sochronous spec t rome t er

Our approach to a reco i l t i me -o f - f l i gh t spec t rome t er i s to emp l oy an i sochronous des i gn , wh i ch makes
the t rans i t t i me o f a par t i c l e w i th a g i ven mass- to-charge ra t i o pass i ng through the spec t rome t er
i ndependen t o f the par t i c l e ve l oc i t y (see f i g . 1) . Th i s cond i t i on i s ach i eved by an ar rangemen t o f sec tor
magne t s tha t t ransm i t i ons o f equa l mass- to-charge ra t i o bu t d i f f er i ng ve l oc i t i es on t ra j ec tor i es o f d i f f eren t
l eng ths , such tha t the overa l l f l i gh t t i me i s cons t an t . The coro l l ary to th i s ve l oc i t y i ndependence i s tha t the
f l i gh t t i me i s then a d i rec t measure o f an i on ' s mass- to-charge ra t i o . In add i t i on to i t s i sochronous
proper t i es , TOF I i s overa l l momen tum nond i spers i ve and focuses a l l i ons s t i gma t i ca l l y to the same sma l l
spo t . A reco i l spec t rome t er o f th i s t ype a l l ows the s i mu l t aneous measuremen t o f many nuc l e i , i nc l ud i ng

F i g . 1 . Par t i c l e t ra j ec tor i es through TOF I show i ng tha t i ons o f equa l mass- to-charge ra t i os requ i re the same f l i gh t t i mes s i nce more
energe t i c i ons move f as t er bu t a l ong a l onger pa th l eng th as compared to l ess energe t i c i ons. Th i s pr i nc i p l e i s i l l us t ra t ed by show i ng
the par t i c l es a t f i ve d i f f eren t t i mes w i th fu l l c i rc l es represen t a t i ng i ons o f mass- to-charge ra t i os (m / ze ) o and k i ne t i c energ i es Ko and
K1 . Ana l ogous l y , the open c i rc l es represen t i ons o f d i f f eren t mass- to-charge ra t i o (m / ze ) , > (m / ze ) o aga i n w i th energ i es Ko and
K1 . These c i rc l es show tha t i n the t i me the fu l l c i rc l e par t i c l es have reached the s top de t ec tor the open c i rc l e par t i c l es are s t i l l t rave l i ng
through the sys t em ( i . e . , the t i me o f f l i gh t i s a d i rec t measure o f the mass- to-charge ra t i o) .
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Asymmetric design

• Fitting L1-D-L2 cells
• Bend fixed at 70° to keep 

enough distance between 
Object and Image

• L1 & L2 constrained by 
isochronous condition

• Pole face rotation 
constrained by focussing

• L1: 1.645 m, L2: 1.233 m, pole 
face rotation: 22.64°

• Distance between object 
and image: 3.87 m

• Total length: 16.9 m
L1

L2

L2

L1
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Optical features
• Achromatic and isochronous double imaging at final focus
• Dispersion at middle focal plane: 5.4 cm/%
• Scattering angle after target can be measured at focal plane
• Beam swinger to rotate beam from 0° to 45°
• Space around reaction target for gamma-ray or charged particle array
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Small aberrations
• Greatly reduced due to symmetry of the design
• Path length largest aberrations: (l/bb): -3.6 mm at ± 80 mrad, (l/aa): 

8.4 mm at ± 200 mrad
• 8.4 mm corresponds to 1/2000 resolution
• Calculated with COSY Infinity using standard dipole design

DI DI DI DI

Dispersive (horizontal) Non-dispersive (vertical)
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Example of  simulation
• LISE++ simulation of 50Cr(56Ni, α2n)100Sn at 3.7 MeV/u
• m/q resolution depends on velocity and beam packet width
• Simulation shows m/q spectrum with 1 ns beam packet width
• Beam packet ambiguity of 12.5 ns period can be resolved

• Bunching schemes of ReA12 and charge breeder
• Gamma-ray or charged particle detection around reaction target
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Physical separation with RF kicker
• First quadrupole: prepare vertical parallel beam in cavity
• RF cavity located at isochronous point
• Second and third quadrupoles: rotate beam ellipse to achieve 

vertical (and horizontal) focusing
• Vertical deflection in cavity translated into vertical offset at focus
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LISE++ simulation
• Monte-Carlo simulation of 50Cr(56Ni, α2n)100Sn at 3.7 MeV/u

• 106 reactions simulated
• 41 100Sn events
• Cross section: 0.009 mb
• Purity 4.10-5

• 100Sn transmission
• 5 charge states: 22+ to 26+
• Total transmission: 48.6%

• Main contaminants
• 102Cd (50%)
• 99Ag (20%)
• 102In (16%)
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Best harmonic
• At harmonic 9 (8.89 MHz), most intense contaminants are not in 

phase with 100Sn charge states anymore
• 3 most intense 100Sn charge states can be phase-aligned



Fragment Separator Expert meeting, Grand Rapids, 8/30-9/1 2016

Vertical position vs TOF
• After slit selection: 100Sn purity = 1.4 10-3 (factor 35 better)
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Charge state focussing
• Most intense 100Sn charge states focalized within 1 cm2

• Possibility to implant in DSSD or tape system for longer half-lives
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Versatile spectrometer

DI
Target

Dispersive
Focal Plane

Isochronous
Achromatic
Focal Plane

• Tracking (MCP, IC)
• Gamma-ray array (GRETA, LaBr3)
• Charged particle array

Thin foil detector (100 µg/cm2) 
for position and time
• Brho

• Gamma-ray array (LaBr3?)

• Tracking detectors (MCP, PPAC, TPC)
• Energy loss detectors (IC)
• Implant-decay detectors (DSSD)

• Use only first half 
(VAMOS-like)

• Brho measurement
• Reaction studies
• Isochronous in momentum

• Several options for use
• Many configurations possible depending on 

reaction, energy, purpose of experiment
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Gas-filled mode
• Preliminary study made by VAMOS group in GANIL
• Study of symmetric and asymmetric fusion-evaporation reactions, 

both direct and inverse kinematics
• Follow unreacted beam and ER in spectrometer
• Neglect straggling and scattering in gas
• Cases calculated:

• 48Ca (214 MeV) + 208Pb → 254No: easy

• 208Pb (1039 MeV) + 48Ca → 254No: possible
• 54Fe (195 MeV) + 58Ni → 110Xe: easy

• 238U (1200 MeV) + 48Ca → 284112 & 238U (1350 MeV) + 64Ni → 300120: challenging
• 136Xe (870 MeV) + 208Pb → 204Pt (15° & 45°): possible

• Courtesy of M. Rejmund and C. Schmitt
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Magnet mechanical design
• Radius increased to 1.25 m, maximum field lowered to 2 Tesla
• Aperture 40 cm (± 20 cm)
• Weight (iron only): 115 Tons (462 Tons total)
• $5k/Ton (China) gives 2.3 M$ (total)
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Swinger & possible layout
• Horizontal swinger allows angle on target from 0° to 45°
• GRETA stationary relative to ISLA

[Academic use only] 
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Coupling to GRETA
• Gretina ball shown

• Remove modules that collide 
with entrance beam pipe

• GRETA ball design implicated 
in angle variation

• Unreacted beam
• For angles between 0° and 10°: 

stopped within ISLA 
acceptance (±10°) 

• For larger angles: beam dump 
pipe needed
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Homogeneous Dipoles
• Fringe fields from defaults parameters in COSY
• Emittances: a=±200mrad, b=±80mrad, d=±10%
• 5 rays per dimension

MC MC MC MC

MC MC MC MC

x (dispersive) y (non-dispersive)
3rd order
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Radial profiles
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Effect on envelopes

MC MC MC MC

MC MC MC MC

MC MC MC MC

MC MC MC MC

0.5T

2.0T

3rd order
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Aberration analysis
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More realistic dipoles
• Mid-plane field maps calculated by S. Chouhan
• Enge function fits perpendicular to field boundary
• Field maps calculated at 1 T and 1.7 T
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Effect on Brho scaling
• Fitted parameters for focussing and isochronism at 1 Tesla

• Edge angles: 21.03°, TOF detector position in focal plane: 1.642 meters

• First order optics at 1.7 Tesla
• No longer x/y focus, isochronous position off by 55 cm
• Fit individual edges and TOF detector position to recover
• Edge1: 20.29°, Edge2: 21.57°, Edge3: 21.33°, Edge4: 21.44°, TOF position: 1.758 m
• Dipoles with tunable edge angle? TOF detector on z drive (20-30 cm)
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Effect on aberrations
• Chromatic aberrations still in check (< 1 cm)
• Length aberrations also small (< 1 cm)
• Geometrical aberrations in vertical seem to blow up ([y/b3]=10 cm, 
[y/a2b]=-5 cm

• Need to explore aberration corrections (pole face curvature?)

3rd order
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Conclusion
• ISLA is a unique instrument that is essential to the realization of 

FRIB physics goals based on re-accelerated radioactive beams
• ISLA is intimately tied to the development of the ReAx re-

accelerator
• ReAx energy upgrade white paper now published
• Design of ISLA should be parallel to early implementation of the 

ReAx energy upgrade



A Buncher for ReA Timing Enhancements 
•  Near-term Strategy 

•  Build a 16.1 MHz buncher (we’re calling it a pre-buncher) to compress 
every 62.5 ns of beam to one linac “bucket” 

•  The RFQ acceptance (roughly +/-5% in dW/W and +/- 1.5 ns) along 
with the energy spread from the EBIT (~ +/- 0.1%) help determine the 
desired placement of the PB and its voltage level 

•  The level of “cleanliness” of neighboring 80.5 MHz RF buckets 
remains a possible issue (more later) 

•  Longer-term Strategy … 
•  Create ~50 ns pulses from EBIT to optimize for new buncher 
•  Switched system would create the 50 ns pulses at a variable rate 
•  Result – beam frequency at the target = repeat rate of switch 

MJS              Page   3 3/11/2014 From M. Syphers



M. J. Syphers   2/2014, Slide 9 

16.1 MHz buncher + 2 harmonics 

At entrance 
 to RFQ 

From M. Syphers



M. J. Syphers   12/2013, Slide 31 

16.1 MHz Bunches into RFQ 

•  If the distribution to the right is divided amongst 5 
neighboring 16.1 MHz buckets, what particles in 
the “satellite” bunches survive through the RFQ? 

• Yet to perform a full analysis… 

From M. Syphers
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Bunching in EBIT
• Short time pulse extraction achieved in Dresden EBIT
• U. Kentsch et al., Rev. Sci. Instrum. 81, 02A507 (2010)

spectrum under “classical” extraction conditions with trap-
open cycles of 10 ms was measured. The argon extraction
spectrum is shown in Fig. 2. For the selected operation con-
ditions the maximum of the charge state distribution is at
Ar15+ and contributions from argon ions with q!12 do not
appear. After adjusting the magnetic field of the dipole mag-
net for the transmission of Ar16+ the trap potential was
switched to the fast voltage pulsing unit and the measure-
ment of the extracted ion current was performed by a low
noise current amplifier together with a 300 MHz oscillo-
scope. The applied amplification was 107 V /A. Because of
the low signal level an average over 30 pulses was used to
get statistically significant results.

The extracted ionic charge per pulse was measured de-
pending on the extraction time textr !see Fig. 3". For extrac-
tion times longer than textr"400 ns the measured ion
charges do not further increase. As shown in Fig. 3 for an ion
extraction time textr!150 ns only a certain portion of the
ionic charge stored in the trap can be extracted.

The dependency of the extracted charge on the number
of extracted pulses N is shown in Fig. 4. Since the extraction
time was chosen to be 50 ns at a cycle time of 100 #s only
a small amount of the trapped ions was extracted during the
time of one extraction pulse. For N"8 pulses the totally
extracted charges per pulse do not significantly increase.
Thus a further increase in the number of pulses does not lead
to an increase in the totally extracted ionic charge. Further-

more we measured that the extracted charge Q is nearly con-
stant over a wide range of tcyc and especially for a cycle time
between 50 and 150 #s, there is no decrease in the measure-
ment signal.

Additionally the extracted charge in dependence on the
reload time of the trap !twait" was measured and is shown in
Fig. 5. The maximum of the ionic charge was obtained at
twait=1 s. An increase in the reload time resulted in a slight
decrease in the extracted charge for the Ar16+ component
corresponding to a shift in the ion charge state distribution to
higher charge states caused by the larger ionization time. We
made computer simulations of the ionization dynamics in the
Dresden EBIT at the specified parameters. The maximum of
the Ar16+ component was obtained after about 1s of ioniza-
tion time. At larger ionization times the charge state distri-
bution is shifted gradually to Ar17+.10

IV. SHORT TIME EXTRACTION IN THE MICROSECOND
RANGE

High energy Hadron radiation was proven to be effective
in the treatment of cancerous tumors. Protons and light ions
!carbon ions" deposit their energy at a depth determined by
their initial energy, the so-called Bragg peak. Since the ions
are accelerated, for example, in a synchrotron to reach their
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FIG. 1. Test beamline for studying short pulse ion extraction from the
Dresden EBIT.
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FIG. 3. Extracted ionic charges per Ar16+ pulse in dependence on the
extraction time textr !U0=4.0 kV, Ie=24 mA, tcyc=100 #s , twait
=1 s , p=3.1$10−9 mbar". The solid line is a guide to the eye.
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spectrum under “classical” extraction conditions with trap-
open cycles of 10 ms was measured. The argon extraction
spectrum is shown in Fig. 2. For the selected operation con-
ditions the maximum of the charge state distribution is at
Ar15+ and contributions from argon ions with q!12 do not
appear. After adjusting the magnetic field of the dipole mag-
net for the transmission of Ar16+ the trap potential was
switched to the fast voltage pulsing unit and the measure-
ment of the extracted ion current was performed by a low
noise current amplifier together with a 300 MHz oscillo-
scope. The applied amplification was 107 V /A. Because of
the low signal level an average over 30 pulses was used to
get statistically significant results.

The extracted ionic charge per pulse was measured de-
pending on the extraction time textr !see Fig. 3". For extrac-
tion times longer than textr"400 ns the measured ion
charges do not further increase. As shown in Fig. 3 for an ion
extraction time textr!150 ns only a certain portion of the
ionic charge stored in the trap can be extracted.

The dependency of the extracted charge on the number
of extracted pulses N is shown in Fig. 4. Since the extraction
time was chosen to be 50 ns at a cycle time of 100 #s only
a small amount of the trapped ions was extracted during the
time of one extraction pulse. For N"8 pulses the totally
extracted charges per pulse do not significantly increase.
Thus a further increase in the number of pulses does not lead
to an increase in the totally extracted ionic charge. Further-

more we measured that the extracted charge Q is nearly con-
stant over a wide range of tcyc and especially for a cycle time
between 50 and 150 #s, there is no decrease in the measure-
ment signal.

Additionally the extracted charge in dependence on the
reload time of the trap !twait" was measured and is shown in
Fig. 5. The maximum of the ionic charge was obtained at
twait=1 s. An increase in the reload time resulted in a slight
decrease in the extracted charge for the Ar16+ component
corresponding to a shift in the ion charge state distribution to
higher charge states caused by the larger ionization time. We
made computer simulations of the ionization dynamics in the
Dresden EBIT at the specified parameters. The maximum of
the Ar16+ component was obtained after about 1s of ioniza-
tion time. At larger ionization times the charge state distri-
bution is shifted gradually to Ar17+.10

IV. SHORT TIME EXTRACTION IN THE MICROSECOND
RANGE

High energy Hadron radiation was proven to be effective
in the treatment of cancerous tumors. Protons and light ions
!carbon ions" deposit their energy at a depth determined by
their initial energy, the so-called Bragg peak. Since the ions
are accelerated, for example, in a synchrotron to reach their
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spectrum under “classical” extraction conditions with trap-
open cycles of 10 ms was measured. The argon extraction
spectrum is shown in Fig. 2. For the selected operation con-
ditions the maximum of the charge state distribution is at
Ar15+ and contributions from argon ions with q!12 do not
appear. After adjusting the magnetic field of the dipole mag-
net for the transmission of Ar16+ the trap potential was
switched to the fast voltage pulsing unit and the measure-
ment of the extracted ion current was performed by a low
noise current amplifier together with a 300 MHz oscillo-
scope. The applied amplification was 107 V /A. Because of
the low signal level an average over 30 pulses was used to
get statistically significant results.

The extracted ionic charge per pulse was measured de-
pending on the extraction time textr !see Fig. 3". For extrac-
tion times longer than textr"400 ns the measured ion
charges do not further increase. As shown in Fig. 3 for an ion
extraction time textr!150 ns only a certain portion of the
ionic charge stored in the trap can be extracted.

The dependency of the extracted charge on the number
of extracted pulses N is shown in Fig. 4. Since the extraction
time was chosen to be 50 ns at a cycle time of 100 #s only
a small amount of the trapped ions was extracted during the
time of one extraction pulse. For N"8 pulses the totally
extracted charges per pulse do not significantly increase.
Thus a further increase in the number of pulses does not lead
to an increase in the totally extracted ionic charge. Further-

more we measured that the extracted charge Q is nearly con-
stant over a wide range of tcyc and especially for a cycle time
between 50 and 150 #s, there is no decrease in the measure-
ment signal.

Additionally the extracted charge in dependence on the
reload time of the trap !twait" was measured and is shown in
Fig. 5. The maximum of the ionic charge was obtained at
twait=1 s. An increase in the reload time resulted in a slight
decrease in the extracted charge for the Ar16+ component
corresponding to a shift in the ion charge state distribution to
higher charge states caused by the larger ionization time. We
made computer simulations of the ionization dynamics in the
Dresden EBIT at the specified parameters. The maximum of
the Ar16+ component was obtained after about 1s of ioniza-
tion time. At larger ionization times the charge state distri-
bution is shifted gradually to Ar17+.10

IV. SHORT TIME EXTRACTION IN THE MICROSECOND
RANGE

High energy Hadron radiation was proven to be effective
in the treatment of cancerous tumors. Protons and light ions
!carbon ions" deposit their energy at a depth determined by
their initial energy, the so-called Bragg peak. Since the ions
are accelerated, for example, in a synchrotron to reach their
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FIG. 1. Test beamline for studying short pulse ion extraction from the
Dresden EBIT.
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FIG. 2. Argon extraction spectrum obtained with classical ion extraction
conditions at an open trap time of 10 ms.
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FIG. 3. Extracted ionic charges per Ar16+ pulse in dependence on the
extraction time textr !U0=4.0 kV, Ie=24 mA, tcyc=100 #s , twait
=1 s , p=3.1$10−9 mbar". The solid line is a guide to the eye.
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FIG. 4. Extracted ionic charge in dependence on the number of extracted
ion pulses !U0=4.0 kV, Ie=29 mA, textr=50 ns tcyc=100 #s , twait
=1 s , p=3$10−9 mbar". The solid line is a guide to the eye.
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 Two time structures being tested 
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