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Expect	  turnaround	  in
trend,	  if	  tensor	  force	  drives
changes,	  for	  higher	  Z.

Test	  with	  transfer	  using	  
radioacIve	  beams	  unique	  
to	  ISOLDE	  with	  high	  yields:	  	  

146Gd,	  148Dy,	  150Er

If	  see	  turnaround,	  tensor	  
mechanism	  sound.

If	  not,	  need	  a	  dramaIc	  
rethink

Nuclear	  Structure	  (example)

Transfer	  reacIon	  measurements	  to	  locate
single-‐neutron	  par;cle	  states	  outside	  inert	  	  core.

No	  other	  facility	  to	  measure	  
parIcle	  states	  with	  these	  

beams.

ISOLDE	  also	  has
132Sn	  &	  134Te	  at	  
high	  intensity.

Tensor	  interac;on	  between	  protons	  and	  neutrons	  has	  been	  proposed	  as	  a	  mechanism	  driving
shell	  evolu;on	  in	  nuclei….other	  than	  deuteron	  gs,	  largely	  ignored	  in	  nuclear	  structure…

HIE-ISOLDE also allows testing outside N=126 using 
unique beams: 206Hg, (210Po), 212Rn and 214Ra 



Dominated	  by	  (p,γ)	  and	  (α,p)	  reacIons

HIE-‐ISOLDE:	  (3He,d)	  as	  surrogate	  of	  (p,γ)
(p,α)	  as	  inverse	  of	  (α,p)	  
Key	  beams	  available

FAIR:	  Break-‐up	  reacIons	  –	  i.e	  (γ,p)	  –	  can	  
only	  do	  a	  few	  cases

ISAC-‐1:	  Direct	  (p,γ)	  –	  possible	  cases	  largely	  
exhausted	  already	  and	  for	  A<30	  only

X-‐ray	  bursts	  (rp-‐process)

Dominated	  by	  (n,γ)	  reacIons	  but	  r-‐
process	  pathway	  largely	  undefined

HIE-‐ISOLDE:	  (d,p)	  as	  surrogate	  of	  (n,γ)
-‐	  can	  contribute	  through	  study	  of	  shell	  
evoluIon	  

FAIR:	  Can	  map	  out	  global	  properIes	  
such	  as	  mass	  and	  lifeIme	  and	  look	  for	  
broader	  trends	  of	  behaviour	  at	  
extremes	  of	  neutron-‐rich

Supernovae	  (r-‐process)

http://www.ph.ed.ac.uk/~maliotta/teaching/movies/novae_accretion.mov
http://www.ph.ed.ac.uk/~maliotta/teaching/movies/novae_accretion.mov
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Inverse kinematics – wide applications  

!  Precision'studies'of'nuclei'in'regions'where'no'targets'exist'

Before                  After 

Normal kinematics 

Inverse kinematics 

Stable isotopes 

Radioactive 
Beams 
(FRIB) 

>1000/sec 

B.B.Back,'ANL''''HELIOS'workshopat'York,'York'May'8;9,'2012'



SHARC - silicon array
High solid-angle coverage

Gamma detection needed to restore resolution
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Measured quantities 
Flight time:  Tflight=Tcyc 
Position:  z 
Energy:   Elab 

Principle of operation  

Derived quantities 
Part. ID:   m/q 
Energy:   Ecm 
Angle:   θcm 
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Uniform	  region

The	  field	  –	  uniformity	  is	  key

identification of the light charged particles, which is
technically difficult at low energies. In contrast to the
situation in normal kinematics, the light-particle energy
often varies rapidly with emission angle resulting in many
cases in a reduction of the achievable energy resolution in
the center-of-mass system, and/or multi-valued kinematics
that can be complicated to disentangle. Finally, there may
be significant backgrounds present due to beam scattering,
electrons from the target, radioactive decay products, or
competing reactions from beam or target impurities. All of
these complicate the task of carrying out the measurements.

Many current experiments rely on the detection of the
light charged particle using an array of segmented silicon
detectors, often augmented with other detectors to identify
heavy recoils or detect gamma rays (see, for example [9]).

This paper describes a new approach to studying inverse
reactions using a high-field magnetic solenoid, that has
many advantages. Such an instrument could play a very
useful role in the study of such reactions. The basic concept
was proposed by us previously at various workshops and
conferences [10,11].

2. Conceptual description

A large-bore, uniform-field magnetic solenoid with
B ! 2–5T, used as a particle spectrometer, has many
advantages over large Si-detector arrays. In this technique
the heavy-ion beam is aligned with the magnetic axis of the
solenoid as shown in Fig. 1. The target is inside the field,
and consists of either a foil or a windowed gas cell.
Particles emitted from the target follow helical trajectories
in the magnetic field, and after a single orbit return to the
solenoid axis where they can be detected. Some aspects of
particle transport in a solenoidal spectrometer are dis-
cussed below.

2.1. Charged-particle transport in a solenoid

Fig. 2 illustrates the quantities relevant to the discussion
of the motion of particles in a uniform solenoidal field.

In a homogeneous magnetic field of strength B, a
charged particle of mass m and charge qe performs helical
motion with radius r given by

r "
mv?
qeB

(1)

where v? is the velocity of the particle perpendicular to the
field lines. The radius is independent of the longitudinal
velocity, vk. The cyclotron period, i.e. the time for one
orbital motion, is given by

Tcyc "
2pr

v?
"

2p
B

m

qe
. (2)

After one cyclotron period, the particle returns to the axis a
distance z " vkT cyc from the target where it is then
detected. The cyclotron period is independent of all other
factors such as energy or scattering angle. A measurement
of time-of-flight thus yields the mass to charge ratio A=q,
which in most cases identifies the particle (except for
deuterons and doubly charged a particles). Once the
particle has been identified, Eq. (2) provides a precise
value for the cyclotron period. Using this value instead of
the measured value removes the experimental uncertainty
from the estimates of the center-of-mass energy and
scattering angle.
The component of the velocity along the beam axis vk is

given by

vk " V cm # v0 cos ycm (3)

ARTICLE IN PRESS

Fig. 1. Scheme for a solenoidal charged-particle spectrometer.

v0

vlab

Vcm

!cm!lab
z

Fig. 2. The vector diagram showing the velocity of the center-of-mass
system, V cm, the particle velocities v0 and vlab in the center-of-mass and
laboratory frames, as well as their angles ycm and ylab.

A.H. Wuosmaa et al. / Nuclear Instruments and Methods in Physics Research A 580 (2007) 1290–1300 1291

where V cm is the velocity of the center-of-mass system, v0 is
the particle velocity in the center-of-mass system, and ycm is
the center-of-mass angle.

The particle energy in the laboratory frame may be
written as

Elab !
m

2
"v2k # v2?$

!
m

2
%"V cm # v0 cos ycm$2 # v20 sin

2 ycm&. "4$

Inserting the expression for v0 cos ycm and solving for
Ecm ! "m=2$v20 one obtains

Ecm ! E lab #
m

2
V 2

cm '
mV cmz

T cyc
. (5)

Since the cyclotron period Tcyc is accurately determined
from the particle identification and the strength of the
B-field, we find that the center-of-mass energy, Ecm is
obtained directly from the measured laboratory energy Elab

after applying a correction depending on the distance z
traveled along the beam axis. This latter is measured with
high accuracy.

The particles are detected using a hollow array of silicon
detectors that is also placed on the solenoid axis as
illustrated in Fig. 1. The detectors are position sensitive in
the longitudinal direction. The silicon detectors measure
the particle’s energy, distance from the target, and flight
time. An important difference between this scheme and the
conventional one is that in the proposed scheme particles
are not detected at a fixed laboratory angle, but rather at a
fixed distance from the target. If relativistic corrections are
small (e.g. Elabo50MeV=u) the flight time is equal to T cyc

as described above. In ns, the cyclotron period is

Tcyc "ns$ ! 65:6(
A

qB
(6)

where A is the mass number in amu, B is in T, and q is in
units of e. Table 1 lists cyclotron periods for different light
particles moving in a 3T magnetic field. These times differ
by several tens of ns, and can be distinguished even with a
rather modest time resolution of one or two ns.
The particles are dispersed according to their velocity

component parallel to the beam direction. This mode of
separation can be used to detect particles emitted into
either the forward or backward scattering hemispheres,
with the detector placed downstream and/or upstream of
the target, and has several distinct advantages over more
conventional methods.
All particles with sufficiently low momenta such that

their orbits do not exceed the solenoid chamber radius and
do not leave the solenoid volume at the ends, must
eventually return to the solenoid axis. Thus, with a suitable
magnet almost all particles can in principle be detected, and
the device provides large geometrical acceptance, subtend-
ing essentially all of the available 2p azimuthal angle range.
With two Si detector arrays, one before and one after the
target, close to 4p solid angle can be attained. The angle-
energy acceptance of the transport device depends on the
length and position of the silicon-detector array, the
geometry of the solenoid, and the value of the magnetic
field as is discussed below.
The beam is parallel to the magnetic field and the heavy

recoiling partner will generally have a small perpendicular
momentum and exit the solenoid approximately parallel to its
axis. These ions may then be detected in a set of downstream
heavy-ion detectors with A- and Z-identification.
An illustration of some typical trajectories for protons in

a 2T magnetic field from the d"132Sn;p$133Sng:s: reaction at
a bombarding energy of 8MeV/u appears in Fig. 3. The
distance from the solenoid axis versus position along the
axis for protons emitted at angles of 110), 135), and 160) is
shown in panel (a), whereas the same orbits projected onto
the transverse plane are shown in panel (b).

ARTICLE IN PRESS

Table 1
Cyclotron periods for various particles calculated with B ! 3T

Particle T (cyclotron) (ns)

p 21.9

d; a2# 43.7

t 65.6
3He2# 32.8
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Fig. 3. Trajectories of protons from d"132Sn;p$133Sn at 8MeV/u, for angles of 110), 135) and 160). (a) Distance from solenoid axis versus position along
axis. (b) View perpendicular to solenoid axis.

A.H. Wuosmaa et al. / Nuclear Instruments and Methods in Physics Research A 580 (2007) 1290–13001292

Medical	  imaging	  (MRI):	  1-‐5	  parts	  in	  107	  (<μT)
Nuclear	  physics:	  1	  part	  in	  103	  (mT)
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The	  HELIOS	  approach,	  backward	  hemisphere
NegaTve-‐Q-‐value	  reacTon,	  target	  at	  Δz	  =	  0	  m	  

• There	  is	  no	  kinemaTc	  compression	  
for	  a	  fixed	  distance	  Δz.	  The	  
excitaIon	  energy	  in	  the	  lab.	  and	  
c.m.	  are	  related	  by	  only	  an	  addiIve	  
constant

• The	  kinemaTc	  shi[	  in	  Δz	  is	  linear	  
and	  modest	  [<15	  keV/mm	  for	  (d,p)	  
at	  2	  T,	  Δz	  resoluIon	  in	  HELIOS	  <1	  
mm]

• PID	  through	  cyclotron	  period,	  
energy	  independent,	  readily	  
idenIfy	  ions	  with	  energies	  as	  low	  
as	  ~200	  keV

Ecm = Elab +
m

2
V 2
cm � mVcm z

Tcyc
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HELIOS vs. Si-detector arrays 
Tiara, T-REX, Sharc, ORRUBA 

Resl:*
350keV*

K.'L.'Jones'et&al.,''
Nature'465*454–457'(2010).'

B.B.Back,'ANL''''HELIOS'workshopat'York,'York'May'8;9,'2012'



Comments	  on	  use	  with	  TSR
•Excellent beam properties for cooled beam - means we can 
improve Q-value resolution

•Need to wait for beams to be cooled so the most exotic 
nuclei are excluded but we probably need 104 /s to make any 
feasible measurement....

•TSR provides isobaric purity - perfect for this technique as 
we can completely dispense with beam identification

•Isomeric beams are available in a pure form - also unique

•Beams up to A~200 available

•Time structure would have to be reimposed to use cyclotron 
period to identify particles (not necessary in all cases) 



Test-‐bed	  system	  for	  HIE-‐ISOLDE



The	  No]ngham	  magnet

• 3-‐T	  solenoid	  (very	  similar	  to	  Argonne	  magnet)	  	  available	  for	  
‘free’	  from	  the	  University	  of	  Nokngham	  -‐	  located	  via	  
contacts	  from	  YNIC.

• Magnet	  is	  Oxford	  Instruments	  prototype	  for	  3-‐T	  full	  body	  
magnet

• Bought	  iniIally	  for	  £452k	  +	  VAT

• Magnet	  operated	  smoothly	  for	  20	  years	  barring	  power	  
supply	  fault	  on	  decommissioning	  (likely	  trivial)

0.5	  ppm	  homogeneity	  over	  50-‐cm	  d.s.v.
1-‐m	  physical	  bore
(92	  cm	  with	  shims)
2.45	  m	  in	  length
Persistence	  mode
No	  acIve	  shield	  (significant	  stray	  field)



Cryogenics

• Separate	  nitrogen	  and	  helium	  compartments
• 5000	  l	  of	  He	  required	  to	  iniIally	  cool
• 500	  l	  /	  6	  weeks	  to	  top	  up
• Standard	  Filling	  from	  non-‐ferromagneIc	  dewars
• Would	  need	  safety	  assessing	  as	  far	  as	  quench	  is	  concerned	  -‐	  large	  space	  
overhead	  makes	  this	  an	  unlikely	  issue	  (requirements	  discussed	  in	  
manual)

• Cold	  heads/	  seals	  etc.	  need	  some	  servicing	  arer	  20	  years’	  use

• Cost	  of	  helium	  -‐	  how	  to	  cover	  running	  costs?	  Helium	  not	  presently	  paid	  
for	  at	  ISOLDE



Moving	  the	  No]ngham	  magnet



Shrikant)Pa+alwar)
5th))October)2012,))TRANSHelios)Workshop,)DL) 2)

Status)

•  Magnet)in)its)final)posiHon)
)

•  5)Gauss)boundary)line)marked)))
No)issues)w.r.t.)space)and)interference))
with)the)acHviHes)in)the)neighbourhood)
)



Design scheme from May 2012



Physics	  ideas
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Assembled prototype array 

Read-out cables 

Si detector 

4 slits 

5x5 mm 
aperture 
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Stray	  field

Stray field calculated for 3 T but 
for (d,p) we use 1.5 -2 T
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Introduction 
University of York are considering using an early model 3T MRI magnet fro experimentation but need to contain the stray 
magnetic fields as much as possible. Based on initial discussions this is feasible but we suggest a more detail 
assessment using modelling. 
 
Magnetic Field Shielding Scope 
External free standing steel framework with magnetic field shielding panels bolted onto the inside on all walls. If required 
shielding may be fitted partially on the roof and/or floor. Installed in CERN, Switzerland. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aim is to reduce 5G magnetic field dimensions to that of Siemens or GE 3T scanner  

 
Based on of isocentre of magnet, all dimensions are radii 
X= vertical axis, Y = horizontal axis, Z = length axis 

GE Signa 3 T X - Y Z 
 Field line 0.5 mT (5 G) 0.5 mT (5 G) 
 Distance (m) 2.8 5.0 
    
Siemens 3T  Magnetom X - Y Z 
 Field line 0.5 mT (5 G) 0.5 mT (5 G) 
 Distance (m) 2.6 4.5 

 

MRI fields Z axis 

Steel frame work with 
Magnetic shielding on all 
walls, approximate size 
5.5mL x 3.75 mW x 3 mH 

Door 
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Lamination of high permeability and conventional steel spaced with non conductive board to create multiple shield layers. 
Composition of laminated panel will vary with required shielding attenuation. 
 
 
 
 

 
 
 
 
 
 
 
EEP will supply the following: 

x Consultancy 
x Design, including full drawings for client approval 
x Supply of Materials 
x On site Installation 

 
Modelling 
 
If the initial cost estimate for shielding was considered 
acceptable EEP suggest carrying out a 2D computer 
simulation of the affects of magnetic field shielding in 
much more detail. The results of this would confirm 
what can be achieved and finalise the design. 
 
 
 
 
 
 
 
 
PRICE SCHEDULE 
 

Item Description  
1 MAGNETIC FIELD SHIELDING, SUPPLY AND INSTALLATION £ 195,000
2 DETAILED PRE-DESIGN MODELING £ 17,500
   
 These prices are budgetary and based on 2012 rates  
 VAT is excluded  
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simulation of the affects of magnetic field shielding in 
much more detail. The results of this would confirm 
what can be achieved and finalise the design. 
 
 
 
 
 
 
 
 
PRICE SCHEDULE 
 

Item Description  
1 MAGNETIC FIELD SHIELDING, SUPPLY AND INSTALLATION £ 195,000
2 DETAILED PRE-DESIGN MODELING £ 17,500
   
 These prices are budgetary and based on 2012 rates  
 VAT is excluded  

 

Proposal from 
European EMC 
Products Ltd.

Other solutions undoubtedly 
exist e.g. local shielding
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Q1	  
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Q2	  
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Q2	  
2012
Q2	  
2012

Q3	  
2012
Q3	  
2012
Q3	  
2012

Q4	  
2012
Q4	  
2012
Q4	  
2012

Q1	  
2013
Q1	  
2013
Q1	  
2013

Q2	  
2013
Q2	  
2013
Q2	  
2013

Q3	  
2013
Q3	  
2013
Q3	  
2013

Q4	  
2013
Q4	  
2013
Q4	  
2013

Q1	  
2014
Q1	  
2014
Q1	  
2014

Q2	  
2014
Q2	  
2014
Q2	  
2014

Q3	  
2014
Q3	  
2014
Q3	  
2014

Q4	  
2014
Q4	  
2014
Q4	  
2014

Transport	  magnet	  to	  CERN

Project	  management	  convene
Consensus	  on	  strategy,	  project	  overview,	  

define	  the	  collabora;on

Decision	  point	  1
Decision	  point	  2
Decision	  point	  3

Cool	  and	  test	  magnet

Shield	  survey	  and	  design

Design	  of	  vacuum	  system
Daresbury	  laboratory,	  Strachan

CERN	  shutdown

Purchase	  shield,	  construct	  vac.	  
sys
Si	  array	  (ANL,	  new	  build)

PosiIon	  in	  ISOLDE	  hall

Commission

Possible	  Imeline



InternaTonal	  interest

Two international workshops held:
York in May 2012
Daresbury in October 2012

Attended by scientists/engineers from:
•Birmingham, Liverpool, Manchester, Surrey, Daresbury, York + 
Oxford Instruments
•Argonne, CERN, Darmstadt, Jyvaskyla, Leuven, Lund, Munich, Saclay

Five proposals submitted to INTC for Day-One experiments at 
HIE-ISOLDE



Ideal	  system



KinemaTcs	  (...not	  exhausTve)

All	  consideraIons	  focused	  on	  direct	  reacTons	  for	  nuclear	  structure	  and	  
astrophysics

Work	  on	  assumpIon	  of	  up	  to	  10-‐MeV/u	  beams

Single-‐nucleon	  transfer
• Neutron	  adding:	  (d,p),	  (t,d),	  (α,3He)	  
• Neutron	  removing:	  (p,d),	  (d,t),	  (3He,α)
• Proton	  adding:	  (3He,d),	  (α,t)
• Proton	  removing:	  (d,3He),	  (t,α)
• ...

Pair	  transfer
• Neutron-‐pair	  removal:	  (p,t)	  ...	  ?
• Neutron-‐pair	  adding:	  (t,p)
• np-‐pair	  adding:	  (3He,p)

Charge	  exchange
• (3He,t),	  (t,3He)	  ...
• (d,2He)?
• ...InelasEc	  scaFering

• (p,p),	  (d,d),	  (α,α)
• ... Coulex	  with	  12C

Astrophysics
• (3He,d)
• (α,p)
• (p,α)
• (6Li,d)	  ...



Beam	  axis,	  
magneIc	  axis	  
(z)

Beam

Target

Array

Physical	  extent	  of	  
solenoid

Backwards
• (d,p)
• (t,p)
• (3He,d)
• [(3He,α)]
• [(t,α)]
• (3He,p)
• (α,p)
• (6Li,d)

KinemaTcs	  –	  which	  hemisphere?



KinemaTcs	  –	  which	  hemisphere?

Beam	  axis,	  
magneIc	  axis	  
(z)

Beam

Target

Array

Physical	  extent	  of	  
solenoid

Array

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)
• [(α,t)]



1-‐mm	  of	  Si	  stops	  about	  12	  MeV	  protons,	  17	  MeV	  deuterons,	  20	  MeV	  tritons
Always	  0,	  1,	  2,	  3,	  4,	  and	  5	  MeV	  excitaIons	  (ficIonal	  states)

Target	  always	  at	  z	  =	  0	  m

KinemaTcs	  –	  some	  (arbitrary)	  examples

(d,p)	  on	  132Sn	  at	  10	  MeV/u,	  2	  T,	  Q	  value	  =	  +0.25	  MeV

Backwards
• (d,p)
• (t,p)
• (3He,d)
• (3He,p)
• (α,p)
• (6Li,d)
• (7Li,t)

A	  plo]ng	  done	  use	  HELIOMATIC	  ...	  a	  code	  based	  on	  Catkin	  by	  Wilton	  Cahord



KinemaTcs	  –	  some	  (arbitrary)	  examples

(t,p)	  on	  50Ca	  at	  10	  MeV/u,	  3	  T,	  Q	  value	  =	  +0.6	  MeV

Backwards
• (d,p)
• (t,p)
• (3He,d)
• (3He,p)
• (α,p)
• (6Li,d)
• (7Li,t)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(3He,d)	  on	  25Al	  at	  15	  MeV/u,	  2	  T,	  Q	  value	  =	  +0.02	  MeV

Backwards
• (d,p)
• (t,p)
• (3He,d)
• (3He,p)
• (α,p)
• (6Li,d)
• (7Li,t)



KinemaTcs	  –	  some	  (arbitrary)	  examples

Backwards
• (d,p)
• (t,p)
• (3He,d)
• (3He,p)
• (α,p)
• (6Li,d)
• (7Li,t)

(3He,p)	  on	  44Ti	  at	  6	  MeV/u,	  4	  T,	  Q	  value	  =	  +7.2	  MeV



KinemaTcs	  –	  some	  (arbitrary)	  examples

(4He,p)	  on	  22Mg	  at	  5	  MeV/u,	  3	  T,	  Q	  value	  =	  +3.7	  MeV

Backwards
• (d,p)
• (t,p)
• (3He,d)
• (3He,p)
• (α,p)
• (6Li,d)
• (7Li,t)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(6Li,d)	  on	  14O	  at	  6	  MeV/u,	  3	  T,	  Q	  value	  =	  +3.6	  MeV

Backwards
• (d,p)
• (t,p)
• (3He,d)
• (3He,p)
• (α,p)
• (6Li,d)
• (7Li,t)



KinemaTcs	  –	  some	  (arbitrary)	  examples

Backwards
• (d,p)
• (t,p)
• (3He,d)
• (3He,p)
• (α,p)
• (6Li,d)
• (7Li,t)

(7Li,t)	  on	  14O	  at	  6	  MeV/u,	  3	  T,	  Q	  value	  =	  +2.6	  MeV

So	  ...	  by	  tuning	  the	  field	  between	  about	  2-‐4	  T,	  and	  within	  approximately	  1	  m	  
in	  z,	  the	  vast	  majority	  of	  backward-‐hemisphere	  reacTons	  can	  be	  performed.	  
Outcome:	  up	  to	  4-‐T	  field,	  about	  1-‐m	  diameter	  bore.



KinemaTcs	  –	  some	  (arbitrary)	  examples

(t,3He)	  on	  68Se	  at	  10	  MeV/u,	  3	  T,	  Q	  value	  =	  +4.7	  MeV

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (d,3He)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(3He,t)	  on	  68Se	  at	  10	  MeV/u,	  3	  T,	  Q	  value	  =	  –15.6	  MeV

tan ✓lab
max. = 1/

p
(V/v̄)2 � 1

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (d,3He)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(p,d)	  on	  132Sn	  at	  10	  MeV/u,	  3	  T,	  Q	  value	  =	  –5.1	  MeV

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (d,3He)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(d,3He)	  on	  186Pb	  at	  10	  MeV/u,	  3	  T,	  Q	  value	  =	  +3.3	  MeV

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (d,3He)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(p,t)	  on	  32Mg	  at	  10	  MeV/u,	  4	  T,	  Q	  value	  =	  +0.3	  MeV

CauIon:	  (p,t)	  is	  awkward.	  Take	  Kr	  for	  example:	  p(96Kr,t)	  has	  a	  Q	  value	  of	  +0.5	  MeV	  
whilst	  p(72Kr,t)	  has	  a	  Q	  value	  of	  –19.9	  MeV.

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (d,3He)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(p,p’)	  on	  100Sn	  at	  10	  MeV/u,	  2	  T,	  Q	  value	  =	  +X	  MeV

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (d,3He)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)



KinemaTcs	  –	  some	  (arbitrary)	  examples

(12C,12C’)	  on	  224Ra	  at	  10	  MeV/u,	  2	  T,	  Q	  value	  =	  +X	  MeV

Forwards	  
• (t,3He)
• (3He,t)
• (p,d)
• (d,3He)
• (p,t)
• (p,p’),	  etc
• e.g.	  (12C,

12C)

So	  ...	  by	  tuning	  the	  field	  between	  about	  2-‐4	  T,	  and	  within	  approximately	  2	  m	  
in	  z,	  the	  vast	  majority	  of	  forward-‐hemisphere	  reacTons	  can	  be	  performed.	  
Outcome:	  up	  to	  4-‐T	  field,	  about	  1-‐m	  diameter	  bore	  and	  certainly	  2	  m	  long	  ...	  
maybe	  a	  bit	  more	  depending	  on	  Bmax



! 43!

!
Figure&A3.1:&Experimental&measurement&taken&from&[PRC&84&024325&(2011)]!
!
!!

!
Figure&A3.2:&SOLARZHelios&setup&as&defined&in&the&simulation&package&and&proton&

trajectories&for&100&events&in&the&reaction&136Xe(d,p)&at&10&MeV/u&

! Simulation package 
available from Marc 

Labiche

! 32!

The!correlation!between!the!kinetic!energy!and!the!emission!angle!is!given!below.!The!squares!
correspond!to!points!which!are!either!lost!on!the!solenoid!coils!or!with!an!error!on!the!
interception!z!greater!than!one!millimeter.!
!

!
The!error!on!the!interception!z!coordinate!on!these!three!examples!of!particles!is!small!enough!
to!be!totally!acceptable!(see!figure!below).!

!
!

Design'of'the'magnet'
The!superconducting!magnet!is!made!of!6!solenoids!distributed!along!the!z!axis!as!shown!in!
figure!below.!This!distribution!allows!a!radial!access,!both!in!horizontal!and!vertical!directions,!
in!three!planes!at!z!=!0,!z=!1.132!m!and!z!=!U1.132!m.!!
!



What$could$it$look$like?

3(m
1(m

1(m

Dual(asymmetric(
arrays

Up(to(4(T(
bespoke(

superconduc2ng(
solenoid 1(m

e.g.(triton
e.g.(proton

beam

beam

recoil

2-‐m	  uniformity

50	  cm 50	  cm



SOLAR	  ??

e.g.	  (d,p),	  protons	  go	  backwards

p

forward	  array
target

recoilbeam

e.g.	  (d,t)	  and	  (d,3He),	  t	  and	  3He	  go	  forward

backward	  array

t

3He

e.g.	  (d,p),	  protons	  go	  backwards

p

forward	  array target

recoilbeam

e.g.	  (d,t)	  and	  (d,3He),	  t	  and	  3He	  go	  forward

backward	  array

γ-‐ray	  array

e.g.	  ~2π	  gamma-‐ray	  array

e.g.	  dual,	  mulT-‐configuraTon,	  arrays

• Has	  to	  be	  flexible,	  will	  have	  
modular	  arrays,	  gas-‐cell	  
target,	  gamma-‐ray	  detecIon

• Measure	  reacIons	  
simultaneously	  and	  very	  well	  
isolated	  PID	  (cyclotron	  period)

!"""#$%



 A. Obertelli, CEA Saclay                             The SOLAR magnet                                   Darresbury, 2012

SupHex magnet design (CEA Saclay)
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Figure&2.4:&Cartoon&showing&giving&a&possible&setZup&of&SOLARZGAMMA&within&the&SOLARZ
HELIOS.&

2.2.4!SOLAR7CHYMENE!!!
SOLARUCHEMENE!will!complement!the!HELIOS!detection!system!by!allowing!for!a!thin!(30U100!

micron)!windowless!pure!hydrogen!and!deuterium!solid!target.!This!will!provide!an!enhanced!

yield!(by!a!factor!of!3)!for!a!given!energy!resolution!and!remove!contamination!due!to!fusionU

evaporation!on!carbon!in!solid!plastic!targets.!!When!operating!in!HELIOS!mode,!thin!targets!are!

central!to!achieving!the!best!energy!resolutions.!!SOLARUCHYMENE!is!an!extension!of!the!

present!study!and!will!need!to!be!modified!in!terms!of!length!to!support!its!insertion!into!the!

magnet.!In!addition,!careful!choice!of!materials!will!be!necessary!given!the!operation!in!a!high!

magnetic!field!environment.!

!

R&D!tasks!will!be!required!to!cover!these!specifications.!!At!the!present!time,!CHYMENE!is!

supported!by!an!ANR!Gil12]!!and!results!to!date!are!encouraging.!!Once!this!program!has!been!

completed,!a!full!study!to!implement!CHYMENE!towards!SOLARUCHYMENE!will!be!undertaken.!

!

!
Figure&2.5:&&CAD&drawing&of&CHYMENE&
&
To!date!we!have!not!considered!a!polarized!H2!target!to!operate!in!or!close!to!SOLAR.!This!

possibility!will!no!doubt!be!invoked!at!a!later!stage.!!The!CHYMENE!model!can!be!modified!to!

employ!other!elements!and!compounds.!

!

2.3!Installing!SOLAR!at!different!laboratories!!
SOLAR!will!be!installed!in!different!laboratories!with!programs!covering!approximately!two!to!

three!years.!!The!intended!programs!cover!both!nuclear!physics!and!applications.!The!nuclear!

physics!aspects!will!be!pursued!with!radioactive!beam!facilities!but!there!is!also!scope!for!

experiments!without!beams!such!as!fission!fragment!studies!with!strong!sources.!

!

It!is!clear!that!nuclear!physics!experiments!have!evolved!strongly!since!the!advent!of!RI!beams.!

Instrumentation!projects!for!RIBUbased!experiments!must!take!account!of!nonUideal!beam!

properties!including!energy!spread,!emittance!and!low!intensity.!!!This!is!compounded!with!the!

need!to!use!thin!targets!when!the!crossUsections!are!relatively!low.!Further,!to!draw!maximum!

use!from!the!low!intensity!beam,!the!general!trend!is!to!setUup!experiments!as!fully!exclusive!as!

possible.!As!a!result,!multiUsubsystems!are!being!innovated!to!cover!as!many!exit!channels!as!

7 

the cryostat: Ø 250 mm, L 550 mm  

Turbo pump with PV 

Thermal screen (bottom part) 

Nozzle  

Bellow with CF 100 flange 

Cold head 

Extruder driver 

CHyMENE Cryostat 

Feed through  

700 mm  Beam axis 
900 mm  

Ø 90mm  
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New efficient Si detector array 

De;mountable'
Resis@ve'wire'
11x53'mm2'Si'wafer'
on'2'ceramic'strips'

Standard'5'detector'module'
Read;out'via'central'flex'cable'

Hexagonal'liquid;cooled'
Extruded'Al'support'structure'

Status:'
Prototype'Si'detectors'ordered'
Support'frame'designed'

B.B.Back,'ANL''''HELIOS'workshopat'York,'York'May'8;9,'2012'
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2. Basic features of SOLITAIRE

The initial design of SOLITAIRE was guided by calculations
using estimates of equilibrium charge states of ERs and beam
particles in gas. From these, a maximum field of 6.5 T, a coil
length of 60 cm, and a warm-bore diameter of 20 cm gave a
good compromise between performance and size (and thus cost).
In practice, the charge states proved somewhat different from
estimations, giving both advantages and disadvantages, as
discussed in Section 3. The superconducting solenoid was
manufactured by Cryogenics Ltd., UK. It is cooled by a Sumitomo
cryocooler with a base temperature of 3.2 K, having 1 W of
cooling power at that temperature. The coil is mounted in a
vacuum enclosure and surrounded by a super-insulated
radiation shield crycooled to 50 K. The device takes 60 h to cool
from room-temperature to operational temperature. The axial
and radial position of the cryostat inside the iron yoke (see
Section 2.2) can be adjusted by external means. The axial
movement allows the elimination of out-of-balance forces on
the solenoid, which are measured using load cells between the
solenoid and the iron yoke. The adjustment of the radial position
enables the alignment of the magnetic axis of the solenoid with
the beam axis.

The separator system SOLITAIRE consists of the target chamber,
the solenoid surrounded by the soft-iron yoke, and the detector
chamber, as indicated in the external view of the device shown in
Fig. 1. The vacuum chambers and other movable components
either side of the solenoid are mounted on trolleys running on
axial rails, to simplify access to internal components during
experimental setup.

A cross-sectional view of SOLITAIRE is given in Fig. 2. The target
chamber and solenoid bore can be filled with low-pressure gas.
The accelerator beam line is isolated from the gas-filled target
chamber by a thin carbon foil 9 mm in diameter, through which
the beam passes. The beam, ! 1:5 mm in diameter, after entering

the target chamber passes through the target and then is stopped
in a 5 mm diameter Faraday cup (FC).

Three main classes of particles enter the magnetic field region
beyond the target. These are the primary beam, which is stopped
in the FC, elastically scattered beam particles, and the ERs. The
scattered beam particles and ERs emitted at angles larger than
0:453 subtended by the FC continue on their trajectories into the
magnetic field region. A set of axial blocking discs is placed at the
focus of the scattered beam particles, which prevents them from
reaching the detector chamber. The ERs, due to their lower
average charge state, reach a focus beyond these discs, entering
the detector chamber. There they can be identified by their time-
of-flight with respect to the beam pulse and their energy or
energy-loss signal in a detector. The flight path from the target to
the detector can be varied between 1.35 and 1.95 m, depending on
requirements. This is a very short path compared to most
separators, and has been exploited in recent applications of
SOLITAIRE to nuclear structure studies of short-lived isomers [24].

A unique feature of SOLITAIRE is that the solenoid is enclosed in a
2400 kg soft-iron return yoke to minimize the external field, which
is reduced to only a few mT (see Fig. 2). The yoke was designed in-
house using the code POISSON/SUPERFISH [25], such that at the maximum
magnetic field, the field in the iron is approaching saturation. As a
result the ion trajectories in the target chamber preceding the
solenoid, and in the detector chamber following the solenoid, are
essentially unaffected by the magnetic field of the solenoid. A
secondary advantage of the iron yoke is that there are no restrictions
on working near the solenoid even when it is at maximum field. The
details of each component of SOLITAIRE are described below.

2.1. Target chamber and gas cell

The target chamber houses the entry window and the target
ladder, as well as having space reserved for future placement of

Fig. 1. External view of SOLITAIRE.
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detectors to view the target at both backward and forward angles.
The beam entry window is located at the up-stream end of the
target chamber. It isolates the high vacuum ! " 10-7 Torr# of the
accelerator beam line from the target chamber and the solenoid
bore, which are filled with the operating gas (typically 1 Torr He,
see Section 3.1). Up to six windows, mounted on a rotary cassette,
can be exchanged using an external actuator allowing easy testing
for vacuum-tightness. Since the direct beam passes through the
window, a robust material must be used. We have successfully
used evaporation-deposited carbon foils between 14 and
65mg=cm2 in thickness. One foil lasts for many days, indeed we
have not experienced a beam-related window failure.

The linear target ladder, holding up to six targets, is moved by
a computer-controlled external stepper motor. To replace targets,
the ladder is driven into a cylindrical target dock chamber. The
ladder shaft itself seals the chamber, which can then be let up to
atmosphere and evacuated independently of the rest of the
device.

The target chamber is connected to the nickel-plated soft-iron
cone, which in turn is connected to a 20.5 cm diameter, 80 cm
long thin-walled aluminium tube. This connects with the detector
chamber behind the solenoid, thus forming a single vacuum space
or gas cell, which during operation is filled with low pressure gas.
A gas flow system keeps the gas at a constant pressure and
prevents the build up impurities from outgassing. It is also
possible to isolate the detector chamber from the gas cell using a
thin window if required.

2.2. Return magnetic circuit

The soft-iron yoke (made from 1010 low-carbon steel)
provides a low impedance return path for the magnetic field. In
addition, a hollow soft-iron cone weighing 115 kg is placed at the
entrance to the solenoid. This cone, extending towards the target,

reduces the magnetic field in the target region to "1 mT as shown
in the lower part of Fig. 2. It also minimizes the field along the
path taken by elastically scattered beam particles travelling to the
monitor detectors. The four monitor detectors are symmetrically
located in separate cylindrical cavities machined into the iron
cone. These each intersect another cylindrical cavity pointing at
the target at 183 with respect to the beam axis. As a result of the
surrounding soft iron, the maximum magnetic field in the
cylindrical apertures is around 1.5 mT, when the field in the iron
is about 1 T. Such a cone cannot be used at the other end of the
solenoid, since in some reactions, the desired fusion products may
exit the solenoid with their focus at infinity (i.e. with their
trajectories parallel to the axis of the solenoid).

The maximum angular acceptance of SOLITAIRE, y$ 10:33, is
determined by the entrance aperture of the cone. In practice,
trajectories of ERs strike the inner wall of the vacuum tube which
passes through the warm bore if emitted at angles greater than
" 9:53. Thus the practical upper limit of the angular acceptance
is 9:53.

2.3. The Faraday cup

The function of the Faraday cup is to stop the direct beam and
the most intense forward-angle scattered beam particles, thus
suppressing the largest source of undesired particles from reach-
ing the detector. A 5 mm diameter Faraday cup made from
tantalum suspended by two crossed 0.1 mm diameter stainless
steel wires is located on-axis inside the cone. It subtends 0:453,
however, discs of larger diameter can be attached concentrically,
to increase the angle subtended. Since the beam from the tandem
accelerator at the ANU has a typical FWHM of 1 mm, the Faraday
cup alone is sufficient to stop the direct beam. Beams with large
spatial spread would require a bigger Faraday cup, with a
consequent drop in ER transmission.

Fig. 2. Upper: schematic cross-section of SOLITAIRE. The radial component of the trajectories of the ERs and elastically scattered particles through the device are shown
schematically. Lower: calculated magnetic field distribution along the axis of SOLITAIRE for a central field of 6.5 T. The field profile with and without the iron yoke is shown by
the full and dashed lines, respectively.
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a b s t r a c t

A superconducting solenoidal fusion product separator, based on a 6.5 T solenoid, has been developed at
the Australian National University to enable separation and detection of evaporation residues following
heavy-ion fusion reactions. This device, with an angular coverage of 0:4529:53, produces a spatial
separation between the fusion products and the intense background of elastically scattered beam
particles. Its high efficiency allows precise measurement of nuclear fusion cross-sections, as well as
being ideal for evaporation residue coincidence measurements. The essential features of the system and
the first results obtained are described.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

Amongst the most significant advances in understanding
fusion of heavy nuclei is the realization that two colliding nuclei
encounter not just a single fusion barrier, but can be thought of as
experiencing a distribution of fusion barrier energies, determined
by the structure of the two colliding nuclei [1,2]. High precision
fusion cross-sections have been used to determine the experi-
mental distribution of barriers [3–5], which have clearly demon-
strated the role of nuclear deformation and complex surface
vibrations in nuclear fusion. This realization has also provided a
new avenue to understand the relationship between entrance
channel properties and the subsequent evolution of the dinuclear
system towards an equilibrated compound nucleus [6]. This is a
subject of intense current interest, as efforts continue to map out
a route towards the centre of the island of super-heavy elements.

Underpinning these results and advances has been the ability
to make precise and accurate measurements of cross-sections and
characteristics of evaporation residues (ERs) and fission frag-
ments, which are the product nuclei formed following a nuclear
fusion reaction. The measurement of fission fragments is rather
simpler than measurement of ERs, as two fragments are present,
distributed over all angles, and coincidence techniques can be

used to remove background events and obtain reliable cross-
sections. Evaporation residues can be measured either by direct
detection of the ERs themselves, or (if unstable) by indirect
methods in which their subsequent decay (for example g!decay
or a!decay) is detected. The direct detection method can be used
for almost all fusion reactions, and has been widely applied.
However, since evaporation residue yields are peaked around 03,
they have to be physically separated from both the direct beam,
and the intense flux of elastically scattered beam particles.
Separation has been achieved using electric and/or magnetic
fields, and a variety of devices employing such techniques have
been developed in the past [7,8]. However, it is difficult to achieve
both high accuracy and precision, which requires large (or well
known) solid angle coupled with high transmission efficiency. The
first condition is particularly difficult to achieve for electromag-
netic separators which typically have " 4210 msr solid angle and
complex beam optics [7,8]. A separator based on a superconduct-
ing solenoid, with a solid angle of 86 msr, has been developed at
the Australian National University for making precision measure-
ment of ERs. This paper describes the 6.5 T superconducting gas-
filled solenoid for in-beam transport and identification of
recoiling evaporation-residues, called SOLITAIRE, and presents the
first fusion excitation function measurements made using this
device.

1.1. The ideal separator

The requirements of an ideal separator for modern fusion
measurements are demanding, as it is desirable to make
measurements having a precision better than 1%, and accuracy
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ScinTllator	  detectors	  and	  APDs	  in	  high	  magneTc	  field
Thoughts	  on	  gamma-‐detec;on	  for	  a	  future	  HELIOS



What	  would	  a	  gamma	  barrel	  look	  like?

•Why	  use	  gamma-‐ray	  detecIon?

•Determine	  Jp	  of	  unknown	  states

•Resolving	  doublets

•Detect	  gamma	  rays	  in	  inelasIc	  scazering

•Gamma	  array	  needs	  to	  be	  highly	  modular

•PosiIoning	  limited	  by	  trajectory	  of	  ions

•Some	  reacIon	  types	  use	  only	  one	  hemisphere

•SimulaIons	  needed	  to	  specify	  detector	  sizes

•Choice	  of	  scinIllator	  material	  will	  heavily	  influence	  price/performance

•Could	  something	  like	  a	  PET	  barrel	  but	  with	  resoluIon	  be	  interesIng?





APDs	  and	  silicon	  photomul;pliers



Silicon	  photomulTpliers

•PotenIally	  a	  generic	  replacement	  for	  photomulIpliers

•Price	  needs	  to	  fall	  to	  reach	  compeIIve	  generic	  pricing	  but:

•Works	  at	  low	  voltage

•High	  output	  signal

• InsensiIve	  to	  magneIc	  fields	  unlike	  PMTs

•Hence	  very	  interesIng	  prospect	  for	  niche	  applicaIons	  like	  
simultaneous	  PET/MRI

•Challenges:

•Small	  size	  -‐	  clever	  light	  collecIon	  needed

•Gain	  stability	  with	  temperature

•Timing	  resoluIon

•Matching	  response	  to	  peak	  wavelength	  of	  scinIllators



Devices	  available	  at	  York
• A	  variety	  of	  APD	  and	  SiPM	  (Si-‐
photomulIplier).	  	  
– 	  	  	  	  SensL	  ,	  Photonique	  (Advatech-‐

UK)	  and	  Hammamatsu	  device
–Various	  scinIllators	  :
–LaBr3	  (Brilliance380),	  CsI(Tl),	  BGO,	  

LYSO	  



SensL	  Silicon	  PhotomulTpliers

•Developments	  of	  large	  arrays	  of	  SiPMs

•Technology	  directed	  towards	  simultaneous	  PET	  and	  MRI

•Bespoke	  electronics	  and	  readout	  developed

•Suffer	  from	  high	  dark	  current

•Major	  gain	  instability	  with	  temperature

•Poor	  Iming	  characterisIcs


