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Overview

Brief overview of the ATLAS (not that one) facility at Argonne
- Stable beams 
- Radioactive ion beams, planned upgrades, beam quality 

The HELIOS spectrometer (among other instruments)
- Outstanding Q-value resolution, limited by beam properties 

Key metrics for a beam tracking system
- Correcting for physical beam size, longitudinal and transverse 

emittance, etc.  

Possible application of MCP technology
- Technique 
- Preliminary designs and the way forward 
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The ATLAS (not that one) facility
The nation’s premier stable-beam facility …

Provides beams of protons through uranium at energies of a 
few to 20 MeV/u and intensities of up to a few micro-
Amperes. Over 300 users from across the globe, operating 
typically 5000+ hours per year, and home of some of the 
most advanced instrumentation in the field.
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The ATLAS facility
… also radioactive ion beams

A small-scale program* started in the 1990s explored the feasibility of 
transporting radioactive ion beams, produced ‘in-flight’, to experimental 
stations … the capabilities are to be significantly expanded. 
In addition, 252Ca fission fragments can be ‘stopped’, momentum 
selected, and reaccelerated**  

*B. Harss et al., Rev. Sci. Instrum. 71, 380 (2000) 
**G. Savard et al., Nucl. Instrum. Methods B266, 4086 (2008)
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*S. Manikonda et al., Proceedings of HIAT 2012, Chicago, IL USA 
*B. Mustapha et al., Proceedings of PAC 2013, Pasadena, CA USA 
*http://www.phy.anl.gov/airis

The beams … 
(radioactive ion beams are for those >104 pps)

The AIRIS* upgrade will bring 100+ 
radioactive ion beams to ATLAS 
available at energies and intensities 
ideal for transfer-reactions studies.

‘CARIBU beams’ with 
qualities similar to those 
of stable beams

The beam quality suffers 
due to the production 
method and subsequent 
transport.
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Solenoidal spectrometers
So far a class of one … HELIOS* … a novel charged-particle spectrometer

Can achieve a Q-value resolution of <100-keV** — limited by the beam …

*J. C. Lighthall et al., Nucl. Instrum. Methods A622, 97 (2010) 
**B. B. Back et al., Phys. Rev. Lett. 71, 132501 (2010) 
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Typical stable beam characteristics:
- Energy spread of <<1% 
- Emittance of <1 pi mm mrad, far better than limit set by the HELIOS 

array (10 pi mm mrad) 
- Physical size: <3 mm 

Typical ‘in-flight’ beam characteristics (expected from AIRIS):
- Energy spread of >1% (often a few percent) 
- Emittance of ~10 pi mm mrad, comparable to HELIOS acceptance, 

but can improve on this (…next slide) 
- Physical size: ? (much larger) 

Just collimate the beam?
- No … these beams are too weak to ‘throw away’ intensity 

Characteristics of in-flight beams
Central to the HELIOS program …

We would like (in many cases need) better than 100 keV Q-value resolution
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The HELIOS Si array
How far off axis can we be?

30.48 mm ID (1.2”) 
38.56 mm OD (1.518”)

15.24 mm ID (0.6”) 
23.31 mm OD (0.918”)

10.00 mm ID 
23 mm OD

tube. The assembled HELIOS detector array is shown in Fig. 9. As
constructed, the array has a square cross-section 23 mm on a side
and is 710 mm long with the active length covering 340 mm. The
end of the array is fitted with a four-element, 5 mm!5 mm
square tantalum aperture for beam collimation; each element is
insulated from the array and the beam current incident on each
element can be monitored to aid beam tuning. The support for the
silicon array includes a liquid-cooled copper block, providing
cooling of the silicon detectors, although this cooling was not
operational during the commissioning experiment. A linear
bearing on the detector-array support structure permits axial
translation of the array within the solenoid volume over a range of
approximately 400 mm. To ensure good transmission of the beam
through the array, it must be well aligned with respect to the
beam axis. This alignment is achieved using a translation stage,
providing motion perpendicular to the solenoid axis, and an
alignment ring which allows the plane of the array to tilt.

Conventional electronics are used to process the silicon-
detector signals. Each energy and position signal is first read out
using a charge-sensitive preamplifier (Mesytec MSI-8p), and then
fed to shaper/constant-fraction discriminator units (Mesytec
MSCF-16) that provide trigger information, and produce analog
signals that are digitized using conventional analog-to-digital
converters. The main trigger for the silicon-array readout is
formed from a logical OR of the discriminator outputs for all
energy and position signals.

Target foils in HELIOS are mounted on a nine-position target
fan, and the rotation angle is read out with a digital encoder. The
distance between the target and the array can be changed by
moving the target fan parallel to the beam axis, and the distance is
measured with a laser range finder. Both the rotation and linear
translation of the target fan can be accomplished under vacuum.
In addition to target foils, the target fan can also hold a calibration

source, a Faraday cup, and a silicon-detector telescope for beam
diagnostics.

3.3. The acceptance

HELIOS disperses charged particles along the detector array
in proportion to the reciprocal of their laboratory velocities,
parallel to the beam, vJ ¼ v0cosðycmÞþVcm. Each detector thus
subtends the same range of cosðycmÞ. The actual range of angles
covered in the center-of-mass frame depends on the position of
the array. As seen from Fig. 2, a range of center-of-mass angles
from 211 to 421 is covered for the ground-state transition in
the d(28Si,p)29Si reaction, given a field of 2.0 T, for the interval
covered by the silicon array between &680 and &340 mm from
the target.

The solid-angle acceptance also depends on the magnetic field
and the reaction being studied. An increase in the magnetic field
decreases the dispersion and thus increases the coverage in
center-of-mass angles for a given detector position. For example,
for the ground-state transition in the d(28Si,p)29Si reaction at
6 MeV/u with a central magnetic field of 2.0 T, each detector
covers an interval of DcosðycmÞ ¼ 0:028 and covers an azimuthal
range of Df¼ 0:24p, giving a solid angle of 0.021 sr per element,
and a total solid angle coverage of 0.50 sr for the silicon array in
the center-of-mass frame.

4. Simulations

Monte-Carlo simulations were performed to characterize the
HELIOS response for the d(28Si,p)29Si reaction used for the
commissioning of the instrument. These simulations are similar
to those described in Ref. [5], but incorporate tracking of particles
through the actual measured field map of the HELIOS solenoid,
and a detector array with dimensions of the actual array. The
target is a deuterated polyethylene [(C2D4)n] foil with an areal
density of 84mg=cm2, and all of the silicon detectors are assumed
to have an intrinsic energy resolution of 50 keV FWHM. These
parameters were chosen to match those of the commissioning
experiment described below. Particles in these simulations were
emitted uniformly in laboratory angle.

Fig. 10 shows a simulated spectrum of proton energy versus
position for several different final states in 29Si populated in the
d(28Si,p)29Si reaction. The figure contains simulated events
for three different target-detector separations, &95, &340, and
&490 mm, as measured from the target to the most forward edge
of the active silicon. The active array regions for these three
separations are indicated by the sets of lines I, II, and III,
respectively, in Fig. 10. The dashed curve shows the acceptance
limit imposed by the size of the front of the silicon-detector array.
The gaps in the spectrum that line up for different states at the
same value of z are due to the spaces between individual
detectors on the array. The combination of analytical calculation
and Monte-Carlo simulation provides a convenient means to set
up the spectrometer to study particular nuclear reactions.

5. The d(28Si,p)29Si measurement

5.1. Experimental setup

HELIOS was commissioned with a study of the inverse-
kinematic reaction d(28Si,p)29Si. The (d,p) reaction on 28Si is
well-studied [1] and eight states in 29Si are strongly populated
between Ex¼0 and 7 MeV, separated by an average interval of
0.91 MeV. Near 6 MeV there is a pair of states separated

Fig. 8. Photograph of one silicon PSD mounted on a printed-circuit board as used
in the HELIOS silicon-detector array.

Fig. 9. The assembled HELIOS silicon-detector array held in its transport stand.
The 5 mm !5 mm four-element collimator can be seen at the end of the array. The
inset shows a schematic drawing of the array cross-section.

J.C. Lighthall et al. / Nuclear Instruments and Methods in Physics Research A 622 (2010) 97–106 101

Next generation of arrays designed to 
accept ‘lower quality’ beams
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Calculations for 16C(d,p)17C reaction to the ground state at 10 MeV/u and a 
field of 2 T. It is worst at forward angles.

Beam offset (mm) ΔE (keV), 5° c.m. ΔE (keV), 15° c.m. ΔE (keV), 30° c.m.

0 0 0 0

1 42 13 4

2 85 25 8

3 127 38 12

4 169 51 16

5 212 64 20

10 424 127 39

The physical size of the beam

TargetArray

Beam intercepts the target off axis

Axis
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Angle (mrad, deg) ΔE (keV), 5° c.m. ΔE (keV), 15° c.m. ΔE (keV), 30° c.m.

0, 0 (1.318 MeV) (1.993 MeV) (4.219 MeV)

1, 0.06 0.6 2.4 8.2

3, 0.17 1.7 7.2 24

5, 0.29 2.9 12 40

10, 0.57 5.7 24 79

15, 0.86 8.5 36 118

20, 1.15 11 47 156

25, 1.43 14 58 194

Calculations for 16C(d,p)17C reaction to the ground state at 10 MeV/u and a 
field of 2 T. It is worst at more backwards angles.

Dealing with the transverse emittance of the beam

TargetArray

Beam intercepts the target at an angle

Axis
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Beams intercepts the target at different energies

ΔE/Ebeam (%, MeV) ΔE (keV), 5° c.m. ΔE (keV), 15° c.m. ΔE (keV), 30° c.m.

0 (160 MeV) – – –

1, 1.6 17 24 48

2, 3.2 34 48 95

3, 4.8 51 73 143

4, 6.4 68 97 191

5, 8 85 121 238

10, 16 171 242 475

20, 34 340 480 950

Dealing with the poor energy resolution of the beam, longitudinal emittance

Calculations for 16C(d,p)17C reaction to the ground state at 10 MeV/u and a 
field of 2 T. It is worst at more backwards angles. 

While this can be determined with beam line diagnostics, it only provides an 
average spread and cannot be corrected for.
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Track the beam to correct for these contributions?

Define position to ≤1 mm
- Less than 50 keV contribution at the most forwards angles (negligible at 

others). 

Define angle to ≤5 mrad (0.29°)
- Less than 50 keV contribution at all angles (negligible at most). Can be 

accomplished by ≤1-mm position resolution defined at two positions in 
the beam line. 

Measure energy to < 1%
- Less than 50 keV at all angles. Can be accomplished by time-of-flight 

measurement of better than ~250 ps over 3 m.  

Operate at up to 106 beam particles per second
- To be functional with the most intense in-flight beams and/or those with 

significant contamination. 

Operate at less than 10% loss (nondestructive)

Better than 100-keV resolution … 5 key requirements
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For the 16C(d,p) example, what can we expect?
(from a simplistic simulation … a factor of two improvement …)

–0.2 0.0 0.2 0.4 0.6

150 keV FWHM, no tracking
75 keV FWHM, with tracking
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How to implement this?
Tracking of the beam through the beam line

x1,y1,t1 x2,y2,t2 xt,yt,tt

spectrometer

secondary 
beam

station 2station 1

beam line

*S. Ottini-Hustache et al., Nucl. Instrum. Methods A431, 476 (1999). 
**e.g. D. Shapira et al., Nucl. Instrum. Methods A454, 409 (2000).

This is not a new problem
- Somewhat commonplace for ‘fragmentation’ or ‘intermediate-energy’ 

facilities, where beam energies are ~100 MeV/u and technologies such as 
multi-wire proportional counters, etc., are an option*. 

- But … true tracking has not been implemented for ‘low-energy beams’ 
before (often only time of flight). 

- Having the beam impinge a thin foil, detecting the secondary electrons 
using an MCP, has been explored before**, and is successful at higher 
energies.
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Heavy-ion beam 
5-20 MeV/u 
Up to 106 pps

Permanent magnets — 
“electron beam parallelizer” 
~uniform, ~1 kG (0.1 T)

Thin foil  
e.g. aluminized mylar 
~1 μm thick

Accelerating grids and 
electrostatic support

Secondary electrons, 
focused by B field

Fig. 3. A schematic diagram showing the helical motion of an
electron moving in a magnetic "eld that changes gradually from
a strong "eld B

!
to a weaker uniform "eld B

"
.

the term written above (Eq. (5)) is conserved, we
then have

sin! !
!

sin! !
"

"B
!

B
"

(6)

where i and f are di!erent positions along the elec-
trons trajectory. The electron processes around the
diverging magnetic "eld lines and the transverse
component of the velocity is gradually reduced as
the magnetic "eld is reduced from its initial value at
the foil. As stated above, adiabaticity (the conserva-
tion of the action integral) can be cast in terms of
constancy of the #ux linked by the electrons orbit,
leading to the expression

M"!
!

!
"

"!B"
B
!
"

"#!
(7)

where the ratio expressing the change in orbit
radius de"nes the lateral image (de)magni"cation,
M, of the orbital motion.

The formulae listed above hinge on electron
motion being periodic with the motion undergoing
adiabatic changes. This is approximately true when
the variation in magnetic "eld the electron sees
every time it completes a rotation is small. This
condition holds when the adiabaticity parameter
" is (1 where

"
!
"2!mv

eB!
!

!
dB

!
dz

(8)

and dz is the pitch in the electron trajectory along
the z-axis, and dB

!
/dz re#ects the rate of change in

the magnetic "eld.
What we have, then, is a situation where the size

(area) of the electron orbits increases as the mag-
netic "eld decreases, but this is accompanied by
image magni"cation. The net result is image de"ni-
tion that is determined by conditions near the foil
where the electrons were generated. This motion of
electrons is a beam-parallelizer is depicted sche-
matically in Fig. 3 taken from Ref. [28].

2.2. Detector construction

A schematic diagram showing the essential parts
of the detector assembly is shown in Fig. 2. In
several aspects this detector is similar to the de-

tector shown in Fig. 1. It has the same foil with
accelerating grids close by and the MCP detector
facing it. The whole assembly is tilted at 453 or 303
to the beam axis and the detector is removed
enough from the foil so that the beam can pass
through unimpeded. This design is di!erent in the
voltages applied to the foils and grids and the
presence of two permanent disk magnets. The disks
are Sm magnets approximately 2# in diameter with
thicknesses of 1# and 1/2# each. In the arrangement
shown here, they generate a fairly uniform mag-
netic-"eld strength between the foil and detector
planes of approximately 1 KG. This detector con-
"guration provided very little image magni"cation,
(about 10%) for the pattern produced at the foil.
The combination of these magnets and their rela-
tive placement can be used to provide varying con-
"gurations of magnetic "elds. Some of the tests
shown in this work were done with the magnets
placed in such a way that the "eld produced was
strong and nearly homogeneous. In other tests, the
magnet placed behind the MCP detector was re-
moved, allowing the magnetic-"eld lines to diverge
resulting in substantial magni"cation.

3. Detector performance

3.1. Position resolution

The setup used for testing the performance of the
detection system is similar to the one described in

D. Shapira et al. / Nuclear Instruments and Methods in Physics Research A 454 (2000) 409}420 413

MCP stack and anode assembly

Schematic of the device
Components of a single ‘station’ based on similar previous works*

*D. Shapira et al., Nucl. Instrum. Methods A454, 409 (2000).
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*D. Shapira et al., Nucl. Instrum. Methods A454, 409 (2000).

–3000 V

–1000 V

–1000 V
0 V

+2000 V

Schematic of the device

Heavy-ion beam 
5-20 MeV/u 
Up to 106 pps

Beam

Use e.g. a 6x8-cm MCP

Components of a single ‘station’ based on similar previous works*
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Schematic of the device
Zoom in of the MCP stack and anode structure

No decision has been made as to the anode structure and readout. 
For a demonstration (low rate) use simple delay line readout?
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Schematic of the device
Possible assembly in the beam line

Magnets sit in ‘cups’ external 
to the vacuum, for removal 
when e.g., running stable 
beams
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Schematic of the device
Possible assembly in the beam line

To rotate the foil / 
acceleration grids when not 
needed
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Schematic of the device
A shortened version of the two stations coupled to HELIOS
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Schematic of the device
Flat view …

Note: 
The intention is to have ‘station—3 m
—station—3 m—target’ structure. In 
reality this may be complicated by 
beam line components (pumps, 
valves, etc). 
Also, the last quadrupole in the beam 
line and the solenoid fringe field 
needs to be accounted for.
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Comments / conclusions

*M. Grieser et al., Eur. Phys. J 207, 1 (2012).

Significant efforts to deal with poor quality beams in nuclear-structure studies 
via transfer reactions

- E.g. at CERN plans are afoot to use a storage ring, i.e. cooled beams, 
coupled to a solenoidal spectrometer* 

- Somewhat commonplace at ‘fragmentation’ facilities 

This is a small-scale research project to explore the feasibility with ‘low-
energy’ beams

- Initial work done at ORNL in 2000s 
- Actual tracking, through two or more stations, never done, and design 

never optimized 

Plan to build a single prototype station to assess using ATLAS beams
- Test with diffuse (poor) stable beams at various rates 
- Use masks 
- Develop the readout scheme 

Potential to use on all beam lines, and at other facilities …
- …e.g., the reaccelerated beams at FRIB


