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Aims and Objectives

Assume that we understand the scientific
importance of direct reaction measurements.

What is needed, what are the problems and
experimental solutions?

Review some of the principles of solenoidal
spectrometers.

How this is planned to be translated to ISOLDE
and TSR.



Opportunities for reaction studies at CERN-ISOLDE:
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Energies suitable for many direct
reaction studies, up to ~10 MeV/u.

Cooling gives significant improvement
in beam quality.

into external spectrometer system.

Potentially the most varied and highest precision beams available;
need experimental setups that have commensurate high-resolution characteristics.



Anatomy of an Binary-Reaction Experiment

Light Ejectile:
Target: A,, Z,and p,
Beam: thickness yield

Conventional approach:
detectors placed at
different LAB angles.

A, Z,and p,; 5
current s Heavy Recoil.

29 Gamma-rays.

* energetics = E" or Q [and masses].

* angular distribution of yield = £ transferred.

* asymmetries with polarised beam/tgt = j transferred [could be possible with TSR].

e correlations with y-rays = energies differences; j of populated state.

e absolute yield = cross section = asymptotic normalisation coefficients and
spectroscopic factors, i.e. PHYSICS!

Ejectile Energy Spectrum (LAB) = Q-Value or E* Spectrum (CM)
Important implications for width and separation of peaks in the Q-value spectrum.
Major contributions to Q-value resolution from
kinematic effects and target energy losses.

But beam quality contributions at a minimum for TSR beams.



Proton removal from 28Si at 14 MeV/u
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New Designs for Magnetic Spectrometers: Solenoids
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e Particles from target follow
helical orbits, returning to the
axis after one cyclotron period.

* Dispersive along axis according
to parallel velocity component
in LAB.

* Measure light ejectiles in
hollow position-sensitive array.

MEASURED QUANTITIES: Particle ID:
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Example 132Sn(d,p) @ 8MeV/u

For a particular E7, different CM angles have
different lab velocities leading to different z.

G.S. Protons 6,,=10°
G.S. Protons 6,,=110° (dotted)

For a different E” also have different lab
velocities leading to different z.

Protons from E'= 5 MeV 6,=110°

mVzi — mzVey

Ecm = Elab +

Linear relationship: different E* form
straight line on ELAB versus z, which map
out difference CM angles.
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Example 32Sn(d,p) @ 8MeV/u

Acceptance limited by:

detector length

detector < maximum _ o adius

radius excursion

Maximum excursion is twice the
cyclotron radius, so can play off field
and bore...but latter practically limited
to around 0.5m...
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Kinematic Effects on resolution: d(32Sn,p)!33Sn @ 8 MeV/u 2T
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Target Effects on resolution: d(132Sn,p)33Sn @ 8 MeV/u 2T

d(136Xe,p)t3’Xe @ 8 MeV/u, 3-mm spot, 0.2%
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energy spread, 3T, intrinsic 20 keV.

Simulations: Marc Labiche
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Ultimate charged-particle resolution...

Target effects are dominantly the beam-energy spread in the target..

Peter Butler

Stack of multiple ultra-thin targets and use timing to determine the reaction site,
and therefore beam energy, minimising target effects to give 20-30 keV resolution
...challenge in timing and requires space in z direction.



HELIOS at ANL
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Commissioning experiment: d(?8Si,p) @ 8 MeV/u
1.9 T with 84 pgcm2CD, target:
e Q-value resolution 75 keV.
e Acceptance: 21 msr per detector, 0.5 sr total.
* Angular resolution around 1°

J.C.Lighthall et al. NIMS 622 (2010) 97
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Other points of interest:

* Forward-going reactions with
recoil det.

e @Gas cell for He has been
tested.

e Array of LaBr & Csl gamma
detectors



How can this be translated to TSR and ISOLDE?

SCIENCE: single-particle behaviour, shell evolution, shape coexistence,
collectivity, pairing, astrophysics...

Single-nucleon transfer: Pair transfer:

* neutron adding: neutron-pair removal: (p,t) ...
(d,p), (t,d), (a,3He) ... neutron-pair adding: (t,p) ...

* neutron removing: np-pair adding: (3He,p) ...
(p,d), (d,t), CHe,q) ... Inelastic scattering:

* proton adding: (*He,d), (a,t) ... e Coulex...

* proton removing: (d,’He), (ta) ...« (p n"), (d,d"), (a, &) ...

Astrophysics: (3He,d), (o,p),(p,a), (°Li,d) ...

What limits are placed on the possible reactions studied by kinematics, size,
field strength, targets ...?

 What performance of system needed?



Rough classification of potential reaction studies (RISKY!):

(a) Where does the forward-going yield in the CM gets up in the LAB:

Backward-going in LAB: Forward-going in LAB:
* (dp) * (p,d)
* (*He,d)] * (d,’He)
* (°He,a) * (o)
* (ta) * (pt)
* (tp) * (t,>He)
* (°He,p) * (*He,t)
* (a,p) * (p,p’) etc.
* (°Lid)
Lower v, 5g: Higher v ,g:
e |ess dispersion along axis. * more dispersion
e easier to bend. * harder to bend

Also more going on (see later).

(b) Q-values: The higher and more positive Q, the more energetic
particles and higher fields are needed.



(d,p) with 32Sn at 10 MeV/u, 2-T field, Q,=+0.25 MeV

GS proton yield at EqMeV)¥ersusZdm)®
O S 45° is backward 6,5 128

Four fictional states at:
0,1, 2,3and 4 MeV.

1-mm Si stops around
12-MeV protons.

Radii:
bore 0.46m
array 2cm. , , , , , . . : : om
-1.02 -0.9 -0.82 -0.7¢ -0.61 -0.50 -0.40 -0.32 -0.20 -0.1@ 0.0a
-— —>

B.P.Kay Heliomatic Excel Kinematics Spreadsheet,
adopted from Catkin by W.N. Catford




(t,p) with °°Ca at 10 MeV/u, 3-T field, Q,=+0.6 MeV

GS proton yield at
Oy S 56° is backward 6,5

Five fictional states at:
0,1, 2,3 and 4 MeV.
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(3He,d) with %1°Po at 10 MeV/u, 2.5-T field
Q,=-2.510 MeV

EqMeV)¥ersuszZdm)

GS deuteron yield at
O < 31° is backward

eLAB

148
121

103

Five fictional states at:
0,1, 2,3 and 4 MeV.

-1.0@ -0.98@ -0.8m@ -0.7@ -0.6R -0.5(

At E*=4 MeV, just seeing small CM angles which starting to fall within the detector
radius.



(p,d) with 132Sn at 10 MeV/u, 3-T field, Q,=-5.119 MeV

Yield at forward 6,,,
forward 6,5

Five fictional states at:
0,1, 2,3 and 4 MeV.
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/ Now 4T, larger field

decreases dispersion.

0.28

0.42

0.68

0.8m 1.08 1.2@ 1.47 1.6Q 1.80 I 2.03

Two kinematic solutions (lines should connect up, but plotting issue!)
Particles, energetic in the LAB, travelling further from target at z=0 cm and

requiring higher fields to return them to axis.



Generic (risky!) comments

* For backward-going reactions, 3T 20000
and 1m would get most done.

* For forward-going reactions, 3T
and 1m would get some done
(perhaps with limited
acceptance), but 4T and 2m
would get most done.

 Multiple targets also likely to
require 2m.

15000

Distinction between 3T-1m fields and 4T-2m fields is important.
Homogeneity of MRI magnets is at least an order better than needed.
Stray fields from solenoids need attention.



Silicon Array Baseline Design

 27.978mm

.&&.&..-\,.S%mm

Hexagonal hollow array of DSSDs.

Length 0.5m (easily upgraded with further
modules).

Compact design to minimise distance from
interaction point to axis.

1-mm thick silicon [12-MeV protons,
17-MeV deuterons, 20-MeV tritons...]
0.5mm pitch in z; roughly 10 keV contribution to
resolution.

1mm pitch in x.

Overall active area >80%.

Cooled to -20°C.

ASIC readout.



Additional Gating

Things that could be done:
a) light-ion identification (cyclotron period).

b) recoil identification (e.g. TOF or energy loss).

Backward hemisphere: can often run without, but leads to improvements.
Forward hemisphere: essential to reduce competing reactions and target contaminants

(e.g. C or gas windows).

High-rate gas detector could provide a time reference for (a) and some Z selection,

useful even if unresolved at individual Z.

Proven designs (up to 1kHz) exist based on
tilted stacks of PPACS, reducing chances of
recombination to give useable energy
resolution.

K.Kimura et al. NIM 538 608 (2005)
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Fig. 1. Cross-sectional view of the tilted electrode gas ionization chamber (TEGIC).




Passed first hurdle for UK funding.
Preparing more detailed bid within
a constrained financial envelope,
for 3T-1m magnet with 0.5-m array
and recoil detector.

Final Comments
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% UK Project Collaboration:
¢ STFC-Daresbury; Universities of
“Edinburgh, Liverpool,

88 'Manchester, Surrey, West of

"i_’r,cotland and York; Cockcroft
= Institute.

HELIOS Collaboration:
Argonne National Laboratory,
Western Michigan University
and the University of
Manchester.




SPARE SLIDES



Some comments on p-y ORRUBA+SIRDAR: ORNL

T-REX and MiniBall:
ISOLDE

a) Ge spectra have 2-keV state resolution,
useful for multiplets.

b) Charged-particle Q-value spectra have
resolving power limited by kinematic
and target effects.

c) Particle-gamma spectra: good :
resolution, but eVS,lO%, hitting rates so

often use a thicker target... o -2
d) ...but still allowing low-energy particles ,;—;g\g//\i/)% o
. . &~ \“?”’435,‘{ 74
e) Still need to unravel particle spectra for S M
angular distributions: (a) helps (c) =/
ninders. L SHARC and Tigress: TRIUMF
f) Equivalent coverage in solid angle, but HIRA: MSU

with more channels: order 10k
compared to order 100.
g) Noy for ground state and some isomers.
h) LaBr and Csl array with photodiode can
be used in a solenoid.
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Calculated acceptance:

Acceptance for field of 3T.
R=0.45mL=1.5m 40 | | |
Shaded 5-55 cm length. | a | | |
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TIARA: d(**Ne,p)*Ne @ 10.6 MeV/u 2x10°pps 1mg CD,

Coincidences with VAMOS and Clovers.

Physics case: evolution of N=16/20

magic numbers.

2>Ne-TIARA-y: identify level
energies.

2>Ne-TIARA: extract yields.
Angular distributions: €.
25Ne-TIARA-y-y: identify
decay paths, assist j
assignments.

Elastic (d,d) 25°-45°,, with
previous optical potentials:
calibrate beam x tgt.
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(12€,12C) with 22*Ra at 10 MeV/u, 3-T field, Q,.=E* MeV

Yield at forward 8,
forward 6,5

Five fictional states at:
0,1, 2,3and 4 MeV.

EqMeV)¥ersuszim)m
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Design Criteria.

 ENERGY RESOLUTION and THRESHOLD

— resolving high density of excited states.

— good ion energy resolution mitigates the effect of compression of different excited states
from differential kinematic shift.

— threshold imposes limitations on angular and excitation energy coverage.

* ANGULAR COVERAGE

— overall efficiency.
— particle angular distributions.

* ANGULAR RESOLUTION

— one of the limiting factors in energy resolution via kinematic shift.
— required for good angular distributions.
— required for gamma-ray Doppler correction.

* PARTICLE IDENTIFICATION

— natural preference in kinematics (maybe for (d,p))?

— recoil measurement (non-unique)?

— gamma-ray coincidences?

— EAE (imposes further reductions on energy resolution and threshold)?



