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Lecture 2: Accelerated radioactive 
ion beams

-Accelerated radioactive beams
-The REX-ISOLDE facility
-The HIE-ISOLDE project



Accelerated beams
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REX-ISOLDE
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Radioactive beams at REX-ISOLDE (CERN)
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World ISOL accelerated beams
FACILITY DRIVER POWER USER BEAMS

ACCELERATED
ENERGY

LOUVAINE-
LA-NEUVE 
(BELGIUM) 
1989-2008

30 MeV 
protons

6 kW 6He, 7Be, 10,11C, 13N, 15O, 18F, 18,19Ne, 35Ar 10 MeV/u
cyclotron

HRIBF
Oak Ridge 
(USA) 
1997

100 MeV
p, d, α
(-ve ion 
source)

1 kW 7Be, 17,18F, 69As, 
76-79Cu, 67,83-85Ga, 
 78,82-86Ge, 69As, 83,84Se, 92Sr, 117,118Ag, 
126,128,132-136Sn, 129Sb, 129,132,134,136Te

2 - 10 MeV/u
tandem

ISAC
TRIUMF 
(CANADA) 
2000

500 MeV 
protons

50 kW 8,9,11Li, 11Be, 18F, 
20-22, 24-29Na,23Mg, 26Al

1.5 - 6 MeV/u
linac

SPIRAL
GANIL 
(FRANCE) 
2001

100 MeV/
u heavy 
ions

6 kW 6,8He, 14,15,19-21O, 18F, 
17-19,23-26Ne, 
33-35, 44,46Ar, 74-77Kr

2 - 25 MeV/u
cyclotron

REX ISOLDE 
(CERN)
2001

1.4 GeV 
protons

3 kW 8,9,11Li, 10-12Be, 10C, 17F, 
24-29Na, 28-32Mg, 61,62Mn, 61Fe, 68Ni, 
67-71,73Cu, 74,76,78,80Zn, 70Se, 88,92Kr,96Sr, 
108In,106,108,110Sn,122,124,126Cd,
138,140,142,144Xe, 140,142,148Ba,148Pm, 153Sm, 
156Eu, 182,184,186,188Hg, 202,204Rn

0.3 - 3 MeV/u
linac



Example 1: Octupole collectivity
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Atomic EDM moment 

Static Electric Dipole Moment implies CP-violation
Schiff Theorem: neutral atomic system of point particles in electric 
field readjusts itself to give zero E field at all charges.
BUT: finite size of nucleus can break the symmetry

|d(199Hg)| < 3.1×10-29    e  cm (Griffith et al PRL 102 (2009) 101601)
In many cases provides best test extensions of the Standard Model 
that violate CP symmetry.

Nuclear pear-shapes can also enhance the “Schiff moment” 
by ~ 3 orders of magnitude 
Search candidates are odd-A Rn [ TRIUMF] and Ra [ANL, ISOLDE]
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T-violating n-n interaction

energy splitting of parity doublet

Octupole enhanced atomic EDM moment

Schiff moment:

related to Q3

Rn, Ra
n,p

e

224Ra



Octupole Collectivity
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λ = 2 ... Quadrupole
λ = 3 ... Octupole

68Se
90Se

144Ba

148,,150Nd

226Ra

2λ

Octupole correlations enhanced at 
magic numbers:   34, 56, 88, 134

Exotic regions of the Segré chart, 
so far inaccessible.

Radioactive Ion Beams are the key

Schiff 
moment

CP 
violationEDM

Odd-A



Octupole Collectivity

64

Microscopically...

Intruder orbitals of opposite parity and 
∆J, ∆L = 3 close to the Fermi level

220Rn and 224Ra lie near Z=88, N=134
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Octupole CollectivityChapter 1 Introduction
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Figure 1.2: Nuclear potentials as a function of the octupole deformation parameter,
�3, for (left to right) a nucleus which is octupole-vibrational with an average defor-
mation of �̄3 = 0, an intermediate case with a small potential barrier separating two
degenerate, deformed minima and an ideal case of rigid deformation. Adapted from
Figure 1 of Reference [14].

at its maximum, augmenting the number and magnitude of coupling matrix ele-

ments. Both of these conditions are fulfilled with increasing mass number, leading

to the combination of Z � 88 and N � 134 a fertile testing ground for reflection

asymmetry.

In the following, the appropriate experimental observables are described in terms

of reflection asymmetry and the evidence they provide in support of collective oc-

tupole excitations.

7

Macroscopically...

Nuclei take on a “pear” shape

Reflection asymmetric

• β3-vibration
• Static β3-deformation
• Rigid β3-deformation...

Signatures...

Odd-even staggering, negative parity

Parity doublets in odd-A nuclei

Enhanced E1 transitions

Large E3 strength →                             =B(E3; 3� ! 0+) < 0+||E3||3� >
2



Octupole Collectivity
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Radon-220 and Radium-224
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[ref] J.F.C. Cocks et al. Phys. Rev. Lett. 78 (1997) and Nucl. Phys. A 645 (1999)
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Coulomb Excitation
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MINIBALL @ REX-ISOLDE

69

220Rn/224Ra beam
@ ~2.83A.MeV

Coulex target
~2mg/cm2



MINIBALL
• Particle ID in a Double-
Sided Si Strip Detector.

• Event by event Doppler 
correction.

• 17˚ < θlab < 54˚

• Array of HPGe of 8 triple clusters

• 6-fold segmentation for positioning

•  ε > 7% for 1.3MeV γ-rays
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Analysis - 224Ra: Ni/SnChapter 4 Coulomb excitation of 220Rn and 224Ra

+ 2
+ 2

+ 0
+ 2

Energy [keV]
50 100 150 200 250 300 350

C
ou

nt
s
p
er

ke
V

1

10

102

103

10�1

10�2

1

10

102

103

104

105

2+
�

0+

4+
�

2+

1�
�

2+

3�
�

2+

5�
�

3�

5�
�

4+

1�
�

0+

6+
�

4+

8+
�

6+

K X-rays

Figure 4.14: Comparison of Ni (blue) and Sn (red) targets with the 224Ra beam.
The population of high-spin states is clearly reduced when the lower Z target (Ni)
is used, see 8+ � 6+ intensity.
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Figure 4.15: Comparison of high centre of mass (CoM) scattering angular range
(blue) and low CoM angular range (red) with the 224Ra beam on 114Cd target. The
probability of multiple-step Coulomb excitation increases with CoM scattering angle
and this is observed with the relative population of the 6+ and 8+ states.
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60Ni target - 2.1mg/cm2

120Sn target - 2.0mg/cm2



Analysis - 220Rn: Ni/Sn
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60Ni target - 2.1mg/cm2

120Sn target - 2.3mg/cm2

Chapter 4 Coulomb excitation of 220Rn and 224Ra
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Figure 4.9: Comparison of Ni (blue) and Sn (red) targets with the 220Rn beam. The
peak marked with � is unplaced in the level scheme. The population of high-spin
states is clearly reduced when the lower Z target (Ni) is used, see 6+ � 4+ intensity.
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with the change of target Z, the change in angle yields di�erent cross sections for
exciting states with the variation in intensities reflecting this.
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Analysis - 220Rn: High/Low θ

74

Chapter 4 Coulomb excitation of 220Rn and 224Ra
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Chapter 4 Coulomb excitation of 220Rn and 224Ra
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Figure 4.3: (a) Particle spectrum taken in the CD detector for the
120Sn(220Rn,220Rn�) experiment at 2.82 A.MeV. The arrows show the direction of
increasing centre of mass (CoM) scattering angle, while the blue dots represent a
target and projectile at the same CoM angle. The z axis, or depth, represents the
number of events per 2 MeV, per CD strip. Notice that each strip has a di�erent
angular pitch and so it is not proportional to “per degree”. (b) As in (a), but now
with the recoil gate applied. The two inner most strips of the CD detector are not
used for the recoil gate due to the overlap with the projectiles in this region.
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Chapter 4 Coulomb excitation of 220Rn and 224Ra
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Figure 4.3: (a) Particle spectrum taken in the CD detector for the
120Sn(220Rn,220Rn�) experiment at 2.82 A.MeV. The arrows show the direction of
increasing centre of mass (CoM) scattering angle, while the blue dots represent a
target and projectile at the same CoM angle. The z axis, or depth, represents the
number of events per 2 MeV, per CD strip. Notice that each strip has a di�erent
angular pitch and so it is not proportional to “per degree”. (b) As in (a), but now
with the recoil gate applied. The two inner most strips of the CD detector are not
used for the recoil gate due to the overlap with the projectiles in this region.
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Analysis - 224Ra GOSIA

84.4

131.6
216.0

166.3

74.4
206.0

142.7182.4228.2

(161.9) 207.7

(114)
275.7

(152)
265.3

312.6

314.5

345.3

0 (0)

2 (84)

4 (251)

6 (479)

8 (755)

(10 ) (1067)

(12 ) (1412)

1(216)

3(290)

5(433)

(7 )(641)

(9 )(906)

(11 )(1221)

16 free matrix elements + 6 normalisation factors

“Experiment” Number and type of data

Multi-nucleon transfer[1,2]

     226Ra(58Ni,60Ni)224Ra
     232Th(136Xe,128Te)224Ra
Alpha, alpha-prime[3]

     226Ra(α,α’2n)224Ra
Alpha(beta)-decay[4]

     228Th(224Fr) → α(β)

Branching ratios (1-, 3-, 5-, 7-, 2+γ)

-- 5

Delayed-coincidence[5,6] Lifetimes (2+, 4+)                     -- 2

Cd/Sn high CoM range
     23.9˚ < θlab < 40.3˚

γ-ray yield
-- 8 + 7 

Ni high CoM range
     23.1˚ < θlab < 39.9˚

γ-ray yield
-- 10

Cd/Sn low CoM range
     40.3˚ < θlab < 54.3˚

γ-ray yield
-- 8 + 8 

Ni low CoM range
     39.3˚ < θlab < 53.2˚

γ-ray yield
-- 7

Total 55 data points [1] Poynter et al., Phys. Lett. B 232, 447 (1989)
[2] J.F.C. Cocks et al., Nucl. Phys. A 645, 61 (1999)
[3] Marten-Tölle et al., Z. Phys. A 336, 27 (1990)
[4] W. Kurcewicz, et al., Nucl. Phys. A 289 (1977)
[5] W.R. Neal and H.W. Kraner, Phys. Rev. 137, B1164 (1965)
[6] H. Ton et al., Nucl. Phys. A 155, 235 (1970)

χ2 = 0.55
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Chapter 6 Discussion
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Figure 6.5: Comparison of simulated �-ray yields in 224Ra, experiment 2 (see Table
5.1), calculated using the measured matrix elements from Table 5.6 (red) and the
measured experimental yields from Table B.2 (blue). The 5+ � 4+ transition is
unobserved experimentally due to the large Compton background. The simulated
yields are normalised to the 4+ � 2+ transition.

6.3 Summary

For the first time, the B(E3; 3� � 0+) value has been determined in radioactive

actinide nuclei (with the exception of the long-lived 226Ra) at the same time as

demonstrating the ability to measure E3 matrix elements to less than 10% precision

with Radioactive Ion Beams (RIBs).

The Gosia analysis relies on the simulation and comparison of �-ray yields

following Coulomb excitation to fit the electromagnetic matrix elements connecting

excited states in the nucleus. Figure 6.5 shows the comparison of the simulated �-

ray spectrum using the final results in 224Ra and the experimentally observed yields.

The comparison is remarkable, demonstrating that the process is well defined and

that the fitted matrix elements are reliable.

It has been shown that the electric-octupole moments, Q3, are enhanced as ex-

88

Simulation
Experiment

Results - 224Ra

• Consistent with rotational model

• Unstretched E3 matrix elements are non-
zero. Rot-vib model predicts these vanish

• Coupled with level energy data, we observe  
a static octupole deformation in 224Ra
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Analysis - 220Rn GOSIA

Chapter 4 Coulomb excitation of 220Rn and 224Ra

4.2 Spectroscopy of 220Rn via Coulomb excitation

The low-lying level scheme of 220Rn has been previously measured using ⇥- [79, 80]

and �-decay spectroscopy [36, 81, 82]. This was extended, using ⇤-ray spectroscopy

following multi-nucleon transfer reactions, to high spin by Cocks et. al. [20] and all

odd and even yrast states of the octupole band, up to and including J⇥ = 21+,

have been placed. Collated information from the Nuclear Data Sheets [83] is used

to construct the level scheme shown in Figure 4.6. The placing of the new level at

937.9(10) keV and its J⇥ = 2+� assignment is discussed in Section 4.2.1.
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Figure 4.6: Reduced level scheme of 220Rn.

An initial sorting of the data uses a particle event in the CD detector as a

trigger and correlates this to all ⇤ rays which fall inside the time windows described

in Section 4.1.1, yielding events of type p-n⇤, where n is the number of ⇤ rays in

coincidence with the particle, p. The majority of these events are p-0⇤ or p-singles

events, since the most likely collision is an elastic one, meaning there is no excitation
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15 free matrix elements + 6 normalisation factors

“Experiment” Number and type of data

Multi-nucleon transfer[1,2]

     226Ra(58Ni,60Ni)224Ra
     232Th(136Xe,128Te)224Ra
Alpha, alpha-prime[3]

     226Ra(α,α’2n)224Ra
Alpha(beta)-decay[4]

     228Th(224Fr) → α(β)

Branching ratios (1-, 5-, 7-)

-- 3

Delayed-coincidence[5,6] Lifetimes (2+)                       -- 1

Cd/Sn/Ni high CoM range
     22.1˚ < θlab < 37.8˚

γ-ray yield
-- 2 + 8 + 5

Cd/Sn/Ni low CoM range
     37.9˚ < θlab < 51.8˚

γ-ray yield
-- 2 + 8 + 5

Total 34 data points

[1] Poynter et al., Phys. Lett. B 232, 447 (1989)
[2] J.F.C. Cocks et al., Nucl. Phys. A 645, 61 (1999)
[3] Marten-Tölle et al., Z. Phys. A 336, 27 (1990)
[4] W. Kurcewicz, et al., Nucl. Phys. A 289 (1977)
[5] W.R. Neal and H.W. Kraner, Phys. Rev. 137, B1164 (1965)
[6] H. Ton et al., Nucl. Phys. A 155, 235 (1970)

χ2 = 0.86
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Results - 220Rn

• Consistent with rotational model.

• No information on unstretched E3.

• Larger data set required to determine if 
<1-||E3||2+> or <1-||E3||4+> vanish.

• Not definitive determination of collective 
mode, dynamic (vibrational) or static 
(rotational) from Q3 alone.

• δE and Δix implies a coupling of an 
octupole phonon to the even-spin 
rotational band.

• Magnitude of Q3 consistent with dynamic 
picture, similar to Q3(208Pb) and Q3(232Th)

• Dynamic collectivity in 220Rn
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220Rn - Vibrational?

L.P. Gaffney et al., Nature 497, 199 (2013) 
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Discussion and Interpretation
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  the	
  process…
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  on	
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A/q=6 Injector option

DESIR Facility 
low energy RIB

HRS+RFQ Cooler

RIB Production Cave
Up to 1014 fiss./sec.

A/q=3 HI source
Up to 1mA

A/q=2 source
p, d, 3,4He 5mA

LINAC: 33MeV p, 40 MeV d, 14.5 A MeV HI  

SP2 Beam time: 44 weeks/y
ISOL RIB Beams: 28-33 weeks/y

SP2 Users: 400-500/year
GANIL+SP 2 Users: 700-800/y

Investment Cost: 136M€

The SPIRAL2  Project

GANIL/SPIRAL 1 today

CIME cyclotron RIB at 1-20 AMeV 
(up to 9 AMeV for ff)

S3 separator-
spectrometer

Neutrons For 
Science



Peter Butler  http://ns.ph.liv.ac.uk/pab/EFermi.pdf

EURISOL

LINAC:	
  H,	
  D,	
  He	
  and	
  A/q=2	
  ions	
  up	
  to	
  1	
  A	
  GeV

Up	
  to	
  150	
  AMeV	
  for	
  132SnMulT-­‐user	
  capabiliTes

235U
3

3 x 100 kW targets
(REX-ISOLDE, SPIRAL ~ few kW
 HIE-ISOLDE ~ 10kW, TRIUMF ~ 50 kW)

1 x 4 MW converter (fission) target
(SPIRAL-2   ~ 200kW, SPES ~ 100 kW)

3 x post-accelerators:

150 A.MeV 132Sn for secondary fragmentation
1-5 A.MeV  Coulomb barrier nuclear physics
~ 1 MeV     nuclear astrophysics
 
~ keV        ground states, solid-state physics, etc.

 Cost: 1.3G€
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Energy	
  Upgrade:
The	
  HIE-­‐ISOLDE	
  project	
  

construcRon	
  of	
  the	
  SC	
  LINAC	
  
to	
  upgrade	
  the	
  energy	
  of	
  the	
  
post-­‐accelerated	
  radioacRve	
  
ion	
  beams	
  to	
  5.5	
  MeV/u	
  in	
  
2015	
  and	
  10	
  MeV/u	
  by	
  2017

Intensity	
  Upgrade:
The	
  design	
  study	
  for	
  the	
  

intensity	
  upgrade,	
  also	
  part	
  of	
  
HIE-­‐ISOLDE,	
  started	
  in	
  2011,	
  and	
  

addresses	
  the	
  technical	
  
feasibility	
  and	
  cost	
  esRmate	
  for	
  
operaRng	
  the	
  facility	
  at	
  	
  10	
  kW	
  
once	
  LINAC4	
  and	
  PS	
  Booster	
  are	
  

online.	
  
	
  	
  	
  	
  	
  



Increase in REX energy from 3 to 10 MeV/u
  (first step in increase to 5.5 MeV/u) ~2013

Increase proton intensity 2 → 10 kW (LINAC4, PS Booster 
upgrade) – primary target upgrade ~2014

Replace PS Booster by (Low 
Power) SPL

10 → 70 kW ~2016

SPL-ISOLDE→ EURISOL
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How did we measure how many neutrons were in it?
... “transfer” reactions

 Single-nucleon ADDING probes the 
EMPTINESS of the orbital, or the vacancy

– the more empty it is, the easier it is to 
add one

 Single-nucleon REMOVAL probes the 
FULLNESS of the orbital, or the occupancy

– the more that are in there, to more 
probable it is you “pick” one out

24

Cartoons courtesy of Peter Mueller, PHY Requires a few steps...

What do we really measure? (e.g. adding a neutron)

25

Energy, amount, angle

Known energy

Measure this 

energy

Note: one of the difficulties is that more-or-
less anything can happen ... the thing we 
want to measure happens about only about 
1 in a million times ... but we can cope

Transfer	
  reac*ons

optimal and thus the cross sections are rather weak.
Therefore, helium-induced reactions were used to obtain
data with improved momentum matching and larger cross
sections for the higher-‘ transitions. This selectivity is
illustrated in Fig. 1.

Deuteron, proton, 4He, and 3He beams from the Yale
tandem accelerator were used to bombard isotopically
enriched Ge and Se targets of about 200–300 !g=cm2

evaporated on thin, 50 !g=cm2 C foils. The momenta of
the reaction products were determined and the particles
identified with the Yale Enge spectrograph and gas-filled
focal-plane detector backed by a scintillator.

The product of target thickness and spectrometer solid
angle was found by measuring elastic scattering in the
Coulomb regime at 30! for each target used. The beam
energies used for this calibration were 6-MeV protons and
10-MeV " particles. For the transfer reactions, the same
spectrometer aperture and beam integrator settings were
used to minimize potential systematic errors. The beam
energies chosen were 15 MeV for the (d;p) reaction and
23 MeV for the (p;d) to keep the energies in each channel
comparable. Similarly, (",3He) was studied at 40 MeVand
(3He,") at 26 MeV. Measurements were also carried out on
targets of 74Ge and 78Se to provide an additional check.
The energy resolution obtained was "40 keV for the
deuteron and proton-induced reactions, and "70 keV for
the 3;4He reactions.

The (d;p) angular distributions have been studied pre-
viously and ‘ values were assigned [6,7]. In the current
work, the yields were therefore measured only at the angles
that correspond to the peaks in the angular distributions for
the ‘ values of interest: 11!, 28!, and 37! for ‘ # 1, 3 and
4, respectively. The helium-induced reactions are forward
peaked, and so the most practical forwardmost angles were
chosen: 8! for (", 3He) and 5! for its inverse. The previous

‘-value assignments [6,7] were confirmed, as may be seen
in Fig. 2. Our results also agree approximately with the
previous relative spectroscopic factors for states populated
with a particular target.

We used the finite-range code PTOLEMY [8] for the
DWBA calculations. The normalization depends on the
choice of the distorting potentials and the bound-state
parameters. The extracted relative spectroscopic factors
also vary with these choices, but by a smaller amount,
and this is a source of some of the uncertainty at the level
of a few percent. For the projectile bound-state wave
function, the Reid potential was used for the deuteron
and a Woods-Saxon one for the " particle and for the
various target bound states.

Absolute spectroscopic factors are notoriously difficult
to obtain. The values of spectroscopic factors for ‘‘good’’
single-particle states in doubly-magic nuclei are usually
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FIG. 1 (color online). Energy spectra for the neutron-removal
reactions for 76Se to 75Se. The ‘ # 1 transitions appear strongly
in the 11! (p;d) spectrum (points) while the ‘ # 3 and in
particular ‘ # 4 are most prominent in (3He;") (line) where
the resolution is worse because of the higher energy. The ‘
values are indicated by numbers above the peaks.
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FIG. 2 (color online). Ratios of cross sections,
#d;p$28!%=#d;p$37!% vs. #d;p$11!%=#d;p$37!% on top and
#";3He=#d;p$28!% vs. #d;p$11!%=#d;p$37!% below, are shown for
different ‘ values and reactions. The symbols, one for each state,
indicate the ‘-value assignments from previous work: triangles
(black) are ‘ # 1, circles (green online) are ‘ # 3, and stars (red
online) are ‘ # 4. In addition, states not included in the analysis
are ‘ # 2 transitions indicated by & and ‘ # 0 by ' signs.
States with unknown ‘ values are indicated by hollow circles.
The size of the symbols is a rough measure of the cross sections.
The dashed lines indicate the loci of the ratios for well-
established ‘ values. The & surrounded by a circle, between
the ‘ # 2 and 3 islands in the lower box, is the 500-keV
5=2'-5=2( doublet in 77Ge discussed in the text.
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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'
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TSR properties
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(no target)
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TSR	
  installaTon
above	
  a	
  cable	
  duct
Tilted	
  beam	
  line	
  coming	
  up
from	
  the	
  machine

TSR installation



P Butler

                 M. Grieser et al.  Eur. Phys. J. Special Topics 207, 1–117 (2012)

In-Ring - high luminosity achieved thru multiple beam passes (~1 MHz), important 
for reaction experiments, and laser measurements of static properties of exotic 
nuclei.

(lifetime in residual gas)

P Butler

Cooled beams in HELIOS-type spectrometer:

20-30 keV resolution for (d,p)

50-70 keV resolution for (C,C’)

direct scatter detection possible

TSR applications
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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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  field	
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  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 ¼
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 ¼
2pr

v?
¼

2p
B

m

qe
. (2)

After one cyclotron period, the particle returns to the axis a
distance z ¼ 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 ¼ V cm þ v0 cos ycm (3)

ARTICLE IN PRESS

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

v0

vlab

Vcm

θcmθlab
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.
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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 ¼
m

2
ðv2k þ v2?Þ

¼
m

2
½ðV cm þ v0 cos ycmÞ2 þ v20 sin

2 ycm&. ð4Þ

Inserting the expression for v0 cos ycm and solving for
Ecm ¼ ðm=2Þv20 one obtains

Ecm ¼ E lab þ
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 ðnsÞ ¼ 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 dð132Sn;pÞ133Sng: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).
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Table 1
Cyclotron periods for various particles calculated with B ¼ 3T

Particle T (cyclotron) (ns)

p 21.9

d; a2þ 43.7

t 65.6
3He2þ 32.8
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Fig. 3. Trajectories of protons from dð132Sn;pÞ133Sn 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.
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  (MRI):	
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  parts	
  in	
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  (<μT)
Nuclear	
  physics:	
  1	
  part	
  in	
  103	
  (mT)
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