
	  

Topical	  workshop:	  

Physics	  and	  Experiments	  with	  
	  a	  recoil	  separator	  at	  ReA12	  

	  
MSU,	  August	  21-22,	  	  2013	  

This workshop will precede The third annual Low-Energy Community Meeting that 
will be held on August 23-24, 2013 at Michigan State University, see 
http://meetings.nscl.msu.edu/CommunityMeeting2013/	  . 

The	   reacceleration	   of	   secondary	   beams	   at	   the	   present	   NSCL	   Coupled	   Cyclotron	  
Facility	   (CCF)	   and	   in	   the	   future	   at	   FRIB	   will	   provide	   high	   quality	   beams	   with	  
energies	   up	   to	   about	   12MeV/n.	   ReA3,	  which	  will	   provide	   energies	   up	   to	   6MeV/n,	  
will	  become	  operational	  in	  2013.	  A	  high	  energy	  upgrade	  to	  ReA12	  is	  a	  high	  priority	  
and	  we	  hope	  to	  have	  it	  available	  by	  the	  time	  FRIB	  is	  completed.	  The	  energy	  domain	  
of	  ReA12,	  up	  to	  ~12MeV/n	  (see	  table	  for	  more	  details)	  is	  ideal	  for	  studies	  involving	  
many	  reaction	  types	  induced	  by	  rare	  isotope	  beams,	  such	  as	  fusion,	  direct	  transfer,	  
massive	  transfer,	  multiple	  Coulomb	  excitation	  and	  others.	  A	  high	  acceptance	  recoil	  
spectrometer	  and	  associated	  detector	   systems	   is	  needed	   to	  enable	   studies	  of	   such	  
reactions.	  Discussion	  about	  possible	  options	  was	  initiated	  several	  years	  ago	  in	  other	  
meetings	   of	   the	   FRIB	   user	   community	   (FRIB	   User	   meetings	   and	   Low	   Energy	  
Community	   Meetings).	   Information	   can	   be	   found	   at	  
http://fribusers.org/3_GROUPS/14_SEP_12/sep_12.html	   .	   A	   short	   reminder	   of	   the	  
three	   options	   so	   far	   discussed	   is	   given	   in	   the	   annex.	   The	   organizers	   invite	   other	  
proposals	  for	  discussion	  at	  this	  next	  meeting.	  The	  aim	  of	  this	  workshop	  is	  to	  move	  
toward	  selection	  of	  a	  device	  that	  is	  best	  suited	  for	  the	  physics	  program	  of	  the	  FRIB	  
community	  and	  that	  is	  unique	  with	  respect	  to	  other	  existing	  devices.	  

	  

The	  first	  day	  of	  the	  workshop	  will	  be	  dedicated	  to	  discussion	  of	  the	  most	  promising	  
physics	  and	  associated	  experiments	  that	  will	  determine	  the	  essential	  capabilities	  of	  
the	  recoil	  separator.	  A	  goal	  of	   the	   first-‐day	  discussions	   is	   to	   identify	  and	  prioritize	  
the	  components	  of	  the	  research	  program	  to	  be	  addressed	  with	  this	  new	  instrument.	  	  
The	  second	  day	  will	  be	  devoted	  to	  discussion	  of	  the	  various	  separator	  options	  and	  
how	   each	   can	   address	   the	   various	   requirements	   of	   the	   high	   priority	   research	  
programs.	   	   The	   overall	   workshop	   goal	   is	   to	   identify	   and	   recommend	   an	   optimal	  
solution	  for	  a	  proposed	  spectrometer.	  



	  

Important	  dates:	  

June	  1st:	  begin	  of	  registration	  on	  	  
	   http://meetings.nscl.msu.edu/CommunityMeeting2013/	  	  

July	  22nd:	  deadline	  for	  proposals	  of	  	  contributions	  on	  
	   http://meetings.nscl.msu.edu/CommunityMeeting2013/	  	  

July	  22nd:	  deadline	  for	  proposals	  of	  spectrometers	  on	  	  
	   http://meetings.nscl.msu.edu/CommunityMeeting2013/	  	  

August	  2nd:	  final	  program	  

	  

	  

The	  organizing	  Committee:	  

Matt	  Amthor,	  University	  of	  Bucknell	  PA	  17837,	  ama018@bucknell.edu	  
	  
Wolfgang	  Mittig	  ,NSCL	  	  MI	  48824,	  mittig@nscl.msu.edu	  
	  
Jerry	  Nolen,	  Argonne	  National	  Laboratory,	  nolen@anl.gov	  
	  

All	  suggestions	  concerning	  workshop	  and	  its	  content	  are	  more	  than	  welcome.	  

	  



	  

	  

Appendix	  I:	  Some	  examples	  of	  ReA12	  beams	  and	  their	  
magnetic	  and	  electric	  rigidities	  	  

	  

Beam	   Q	   Q/A	   Emax[MeV/n]	   Bρ[Tm]	   Eρ[MV]	  
11Li	   3	   0.27	   14.1	   2.00	   103.4	  
32Ar	   18	   0.56	   24	   1.26	   85.3	  
32Mg	   12	   0.377	   19	   1.69	   101.4	  
74Ni	   26	  	   0.35	   18.3	   1.7	   97.3	  
132Sn	   35	   0.26	   13.6	   2	   101.6	  
	  

The	  present	  design	  value	  for	  the	  beam	  lines	  of	  ReA12	  is	  Bρ=2.5Tm.	  	  



	  

Appendix	  II:	  the	  main	  characteristics	  of	  ISLA	  

The ReA12 Recoil Separator working group, contact person Daniel	  Bazin	  	  
bazin@nscl.msu.edu	  
	  
 

ISLA: an Isochronous Spectrometer with Large Acceptances 
 
Motivation 
The future ReA12 linac re-accelerator planned at NSCL-FRIB will provide 
radioactive beams with intensities up to 1010 pps at energies up to 15 MeV/u. For 
many experiments reacting these radioactive beams on a stationary target, a 
recoil spectrometer is needed to collect, identify and separate the recoiling ions. 
Because these re-accelerated radioactive beams have relatively low intensities, 
this spectrometer should have large momentum and solid angle acceptances, to 
collect as many ions as possible, depending of their ionic charge state and the 
kinematics of the reaction. These requirements usually imply trade offs on the 
mass-to-charge (m/q) resolution and ability to separate and collect recoils. Good 
optical resolution implies small acceptances, such as in the FMA [1] or EMMA 
[2], whereas large acceptance implies poor optical resolution and large focal 
planes, such as in VAMOS [3], PRISMA [4] or MAGNEX [5]. For large acceptance 
spectrometers, resolution can be recovered by tracking and software corrections, 
but this method becomes impractical at low recoil energy. 
 
To solve this conundrum, ISLA uses different separation and measurement 
methods to combine large acceptances with excellent m/q resolution. Based on 
the concept of the TOFI spectrometer [6], ISLA is an isochronous device where 
the time-of-flight from the target to the focus is independent from the energy and 
scattering angle after the reaction. The time-of-flight is therefore a direct 
measurement of the m/q ratio. Since it is a magnetic spectrometer, the beam 
charge states can be filtered out at the intermediate dispersive focal plane, while 
the transmitted ions are selected according to their magnetic rigidity within the 
acceptance. 
 
The physics driving the requirements of this spectrometer is widespread. 
Radioactive beams are nowadays  used extensively in studies involving simple 
reactions such as transfer of one or two nucleons, Coulomb excitation from a 
high Z target, but also more complex reactions such as fusion-evaporation or 
multi-nucleon transfer, also called deep-inelastic, used to populate high spin 
states, to cite a few. A crucial feature of the spectrometer is its ability to identify 
and tag recoiling ions while collecting as many as possible within its acceptances. 
The innovative method used in ISLA is especially well designed to accomplish 
this task. In order to make best use of available beams, most experiments will 
have a powerful gamma or reaction particle detection around the target. Many 
will have a recoil decay detection to study the properties of the reaction 
products. 



 
Main characteristics 
A conceptual sketch of ISLA is shown in the figure below. 
 

 
 
 

The acceptances of ISLA are 64 msr in solid angle and ±10 % in momentum. 
Contrary to most spectrometers with large acceptances, the focal plane of ISLA is 
very small. This is due to its highly symmetrical layout, in which the optics give a 
point-to-point relationship between the target and the focus. As a result, the 
scattering angle of the reaction products emitted from the target can be directly 
deduced from position and angle measurements at the focus. In addition, the 
symmetry of the design helps reducing the high order aberrations to very small 
values, despite the large acceptances. 

The design of ISLA is geared towards its use with re-accelerated radioactive 
beams. Contrary to most  spectrometers using high intensity stable beams, a 
spectrometer for radioactive beams only needs moderate selectivity, mostly to reject 
unreacted beam particles. One advantage in using radioactive beams to induce 
nuclear reactions lies in the low background that can be achieved, by choosing 
reaction channels that produce among the highest yields. One prominent usage of 

Schematic view of the ISLA spectrometer. A measure of the time-of-flight between the target and the 
isochronous focus is a direct measure of the m/q ratio of the selected ions, independent from their 
momentum vector. Slits or fingers located at the dispersive focal plane are used to filter out charge states of 
the unreacted beam if they happen to lie within the momentum acceptance. The stickers describe possible 
detector arrangements and their corresponding measurements. The detector configuration is highly 
dependent on the energy of the ions traveling through the spectrometer. 



radioactive beams for instance are inverse kinematics reactions where the probe is a 
light target (p, d, 6,7Li or 9Be), and structure information can be obtained on both the 
projectile and the reaction products. Existing examples of such devices are for 
instance the VAMOS spectrometer at GANIL [3], or the S800 spectrometer at NSCL 
[7]. In both instances, the selectivity is only in rigidity, but the large acceptances 
require large focal planes and sophisticated tracking to achieve a reasonable 
resolution and particle identification. ISLA will have an m/q resolution of better 
than 1 part in 1,000, important for the heavy mass region. The novelty of the ISLA 
design opens new possibilities, where one could image gamma-ray and/or charged 
particle arrays around both the target and focal plane locations. For instance, the 
beta-decay of a nucleus could be studied at the same time as its level structure, or 
long-lived isomeric decays populated in a reaction could be detected. It is also 
worth mentioning that some experiments might use the first half of this 
spectrometer only, taking advantage of the dispersive plane to measure the 
kinematic properties of reaction products for reaction studies. 

 
The m/q resolution of ISLA depends primarily on the time-of-flight 

measurement resolution from target to focus and flight time through the 
spectrometer. A stop signal can easily be obtained from a micro-channel plate 
(MCP) detector located at the focus, with a typical resolution around 100 ps. The 
time reference can be provided from by a MCP or the radio frequency (RF) signal of 
the accelerator, giving bunches separated by about 12.5 ns.  Time-of-flight - and 
therefore m/q - resolution can be estimated to 0.1 ns for an MCP and 1 ns for a RF 
bunch time reference. For a 1 ns bunch resolution and flight time of about 1 µs for 
instance, the m/q resolution is 1 part in 1,000. The 12.5 ns period of the RF will 
cause several wrap arounds of the time-of-flight measurement, which may severely 
impair the ability to identify the transmitted ions. An elegant work around is to 
install a gamma-ray detector array with good timing resolution around the target, 
such as a CsI or even better LaBr array. The prompt gamma-ray signal emitted 
during a nuclear reaction can be detected with a good efficiency (up to 50 % for a 
single gamma-ray), and not only tag the particle bunch but also provide a better 
time reference than the RF signal. In this case, and for MCP timing, the m/q 
resolution can reach values closer to 1 part in 2,000, taking into account the largest 
higher order aberrations. The large solid angle and momentum acceptances can be 
realized with a new technology using superconducting helicoidal windings, that 
offers promising options for manufacturing the dipole magnets with active 
shielding.  

 
 
  
Conclusion 
The novel concepts used in the design of the ISLA spectrometer make it the ideal 

instrument for collecting, identifying and separating recoils from a large spectrum 
of nuclear reactions to be used with the re-accelerated radioactive beams of the 
future ReA12 accelerator at NSCL-FRIB. A magnetic spectrometer is also 
paramount to cover rigidities that can go up to 2.5 T.m. For reactions with cross 
sections peaked away from zero degree, a vertical beam swinger could be installed 
in front of the spectrometer to avoid its rotation and minimize its footprint.  

 



References 
[1] C. N. Davids and J. D. Larson, Nucl. Instr. and Meth. B 40/41 (1989) 1224. 
[2] B. Davids and C. N. Davids, Nucl. Instr. and Meth. A 544 (2005) 565. 
[3] H. Savajols et al., Nucl. Instr. and Meth. B 204 (2003) 146. 
[4] P. Mason et al., Eur. Phys. J. Special Topics 150 (2007) 359. 
[5] A. Cunsolo et al., Nucl. Instr. and Meth. A 481 (2002) 48. 
[6] J. M. Wouters et al., Nucl. Instr. and Meth. B 26 (1987) 286. 
[7] D. Bazin et al., Nucl. Instr. and Meth. B 204 (2003) 629. 
 
A poster showing the main characteristics is shown below. More detailed 

information can be found in 
http://www.nscl.msu.edu/~bazin/ISLA/Presentations/ANL09.pdf 
	  

	  

	  



	  

Appendix	  III:	  	  

Separator	  for	  Unique	  Products	  of	  Experiments	  with	  Radioactive	  
Beams	  -	  SUPERB	  

The ReA12 Recoil Separator working group, contact person Dariusz Seweryniak 
seweryniak@anl.gov 
	  

Introduction	  

	  

Reaccelerated	   radioactive	   beams	   at	   FRIB	   will	   offer	   unique	   opportunities	   for	   studies	   of	  
exotic	   nuclei.	   In	   recent	   years	   electromagnetic	   recoil	  mass	   separators	   played	   an	   essential	  
role	  in	  dramatic	  advances	  in	  nuclear	  structure	  far	  from	  the	  line	  of	  stability	  at	  stable	  beam	  
facilities	  worldwide.	  In	  essence,	  they	  separate	  reaction	  products	  from	  unreacted	  beam	  and	  
disperse	  them	  according	  to	  their	  mass	  to	  charge	  state	  ratio.	  In	  conjunction	  with	  a	  suite	  of	  
focal	  plane	  detectors	  they	  can	  provide	  full	  identification	  of	  the	  recoiling	  reaction	  products.	  
A	   similar	   device	   will	   be	   indispensible	   for	   in-‐beam	   gamma-‐ray	   spectroscopy	   or	   decay	  
studies	   of	   exotic	   nuclei	   produced	   in	   fusion-‐evaporation	   reactions	   with	   reaccelerated	  
radioactive	  beams	  at	  FRIB.	  

	  

We	  propose	   to	  build	   the	  Separator	   for	  Unique	  Products	  of	  Experiments	  with	  Radioactive	  
Beams,	  SUPERB.	  It	  will	  be	  used	  in	  connection	  with	  an	  array	  of	  gamma-‐ray	  detectors	  and	  a	  
suite	  of	  detectors	  at	  its	  focal	  plane	  such	  as	  an	  ionization	  chamber	  or	  an	  implantation-‐decay	  
station.	  The	  device	  will	  be	   located	   in	   the	  Rea12	  experimental	  area.	  Compared	   to	  existing	  
recoil	  mass	  separators	  it	  would	  have	  a	  much	  larger	  M/Q	  acceptance,	  i.e.	  it	  would	  transport	  
more	  charge	  states,	  resulting	  in	  significantly	  larger	  overall	  efficiency.	  

	  

Design	  and	  performance	  

	  

The	   Fragment	   Mass	   Analyzer	   at	   the	   Argonne	   National	   Laboratory	   and	   the	   Recoil	   Mass	  
Separator	   at	   the	   Oak	   Ridge	   National	   Laboratory	   have	   been	   successfully	   used	   for	   fusion-‐
evaporation	  reactions	  with	  stable	  beams	  for	  more	  than	  a	  decade.	  The	  EMMA	  separator	  	  for	  
research	  with	  reaccelerated	  beams	  at	  TRIUMF	  is	  under	  construction.	  	  We	  propose	  to	  build	  
a	   recoil	   mass	   separator	   which	   will	   supersede	   these	   existing	   designs	   in	   terms	   of	   overall	  
efficiency.	  The	  main	  gain	  in	  efficiency	  will	  derive	  from	  a	  larger	  M/Q	  acceptance,	  i.e.	  larger	  
number	   of	   accepted	   charge	   states.	   This	   approach	   was	   chosen	   for	   the	   design	   of	   the	   S3	  
separator	   proposed	   by	   S.	   Manikonda	   and	   J.	   Nolen	   from	   	   the	   Argonne	   Accelerator	   group	  



together	  with	  collaborators	   from	  France.	  The	  S3	  separator	  will	  be	  used	  with	  the	  SPIRAL2	  
facility	  at	  GANIL	  which	  will	  deliver	  intense	  stable	  beams.	  The	  S3	  separator	  consists	  of	  two	  
sections:	   the	   momentum	   achromat	   for	   beam	   suppression	   and	   the	   mass	   separator.	   For	  
experiments	  with	  relatively	  low	  intensity	  radioactive	  beams	  the	  beam	  suppression	  is	  not	  as	  
important	  and	  the	  mass	  separator	  section	  alone	  will	  be	  sufficient.	  	  

	  

The	   S3	   mass	   section	   will	   consist	   of	   an	   electric	   dipole	   and	   a	   magnetic	   dipole	   each	  
sandwiched	  between	  two	  multipole	  triplets.	  According	  to	  optics	  calculations	  it	  will	  have	  an	  
angular	  acceptance	  of	  +/-‐60	  mrad	  and	  +/-‐80	  mrad	  in	  X	  and	  Y	  planes	  planes,	  respectively,	  
p/Q	  and	  M/Q acceptance	  of	  +/-‐10%,	  a	  magnetic	  rigidity	  of	  2	  Tm,	  an	  electric	  rigidity	  of	  12	  
MV	  and	  a	  mass	  resolution	  of	   	  ~1/400	  (FWHM).	  The	  distance	  between	   the	   target	  and	   the	  
first	  quadrupole	  will	  be	  ~1m	  which	  is	  sufficient	  to	  accommodate	  a	  4π	  Ge	  array.	  The	  overall	  
length	  of	  the	  currently	  considered	  device	  is	  ~14m	  and	  fits	  within	  4.5mX13m	  rectangle.	  The	  
S3	  optics	  calculations	  are	  shown	  below.	  

	  

	  

	  

Fig.	  1)	  The	  calculated	  mass	  spectrum	  	  for	  A=99,	  100,	  101	  (5	  charge	  states)	  produced	  in	  the	  
58Ni+46Ti	  fusion-‐evaporation	  reaction.	  

	  



	  

	  

Fig.	  2)	  The	  beam	  envelopes	   in	  X	  and	  Y	  planes	   for	   the	  momentum	  achromat	  (MT-‐MD-‐MT-‐
MT-‐MD-‐MT)	  	  and	  the	  mass	  separator	  section	  (MT-‐ED-‐MT-‐MT-‐MD-‐MT).	  

Compared	   to	   other	   electromagnetic	   separators	   the	   S3	   separator	  will	   have	   a	  much	   larger	  
M/Q	   acceptance.	   For	   example,	   for	   experiments	   in	   the	   100Sn	   region	   mass	   as	   many	   as	   5	  
charge	  states	  will	  be	   transported,	  compared	  to	   the	  usual	  2.	  Simulations	   for	   the	  58Ni+46Ti-‐
>100Sn+4n	  reaction	  indicate	  an	  overall	  recoil	  efficiency	  exceeding	  50%.	  Similar	  efficiency	  is	  
expected	  for	  reactions	  with	  radioactive	  beams	  aiming	  at	  the	  100Sn	  region.	  	  

Possible	  modifications	  

The	  S3	  optics	  calculations	  show	  that	  it	  is	  possible	  to	  combine	  the	  required	  mass	  resolution	  
with	  a	  large	  M/Q	  acceptance.	  In	  many	  respects	  experimental	  conditions	  at	  FRIB	  will	  be	  less	  
demanding.	  In	  S3	  ,	  due	  to	  anticipated	  high	  beam	  intensities	  the	  beam	  spot	  is	  1	  cm	  tall.	  This	  
presents	   additional	   challenges	   to	   obtain	   the	   required	   mass	   resolution.	   Reaccelerated	  
beams	  at	  FRIB	  are	  limited	  to	  109	  particles/second	  and	  the	  beam	  spot	  can	  be	  ~1	  mm	  across.	  
Also	  the	  momentum	  achromat	  is	  not	  used.	  This	  could	  lead	  to	  an	  improved	  mass	  resolution.	  
In	  addition,	  collection	  reaction	  products	  within	  a	  small	  area	  behind	  the	  focal	  plane	  would	  
facilitate	  high	  detection	  efficiency	  for	  decay	  studies.	  These	  two	  issues	  will	  be	  addressed	  by	  
detailed	  optics	  calculations.	  

Complementary	  Information	  can	  be	  found	  at:	  

http://meetings.nscl.msu.edu/superuser2011/program.htm	  



	  

Appendix	  IV:	  	  

A	  Superconducting	  Gas	  Filled	  Spectrometer:	  SGS	  

The ReA12 Recoil Separator working group, contact person Ken Gregorich 
KEGregorich@lbl.gov 

	  

	  


