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Stories from inside a magnet:
solenoidal spectrometers
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We're not only made of water...

But let's focus on "others":

- cobalt,

- molybdenum,

- selenium,

- strontium...
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What is the origin of 
these elements?
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Solar system abundances of heavy elements

Beyond Fe, Ni → neutron-capture reactions

C.J. Horowitz et al., JPG 46, 083001 (2019)
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• s-process (slow neutron-capture process)
• r-process (rapid neutron-capture process)

C. Sneden, J.J. Cowan, Science 299, 70 (2003)
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Studies on fission of neutron-rich nuclei
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Direct kinematics reactions

Light beams
(neutrons, protons, light ions..)

Heavy ion
target

Drawbacks:

• limited choice of targets material
(only stable or close-to-stable nuclei);

The main focus is on the target! Projectile-like products Target-like products

Observed produced ~ at rest

often remain in target

Not observed

• relatively low energies of 
FFs (Fission Fragments) result in 
difficulties; mostly for their Z 
identification.
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Inverse kinematics using radioactive ion beams (RIBs)

d(RIB,pf)

Heavy beams

Light target

Reaction products
Advantages

• Large kinematic boost in forward 
direction for fission fragments

• Study of fission barriers for very 
exotic nuclei.

• By measuring energy of the 
proton one can determine the 
excitation energy of the fissioning
nucleus.

But…dRIB

The main focus is on the beam!
Projectile-like products ~ beam energy
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Inverse kinematics challenges

Typical experimental problems

• Strong angular dependence of 
proton energy on the LAB angle.

• Kinematic compression → much 
worse resolution in backward 
angles.

• Low intensity beams (detection 
efficiency).
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An important difference

Fission fragments

• Target inside the solenoid 
• Fission fragments
• Proton follows helical trajectory and then is 

detected in a position-sensitive silicon array

better energy resolution

Ep

z
Tcyc
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What do we get?

Ep

z
Tcyc

Ex

θ

excitation energy of the 
nucleus – to study fission 
as function of the 
excitation energy

angular distribution of 
protons – to obtain the 
angular momentum of 
fissioning nuclei

OUR JOB
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An ideal spectrometer with a stationary source

Formula for magnetic rigidity:

𝐵𝜌 =
𝑝𝑥𝑦

𝑄
→ 𝜌 =

𝑝𝑥𝑦

𝑄𝐵
=
𝑝 sin 𝜃

𝑄𝐵
.

The radius can be also expressed as:

𝜌 =
𝑚𝑣𝑥𝑦

𝑄𝐵
.

The cyclotron period:

𝑇𝑐𝑦𝑐 =
2 𝜋𝜌

𝑣𝑥𝑦
=
2𝜋

𝐵

𝑚

𝑄
.

Distance:
𝑧 = 𝑣𝑧 𝑇𝑐𝑦𝑐
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𝜽

Tcyc and z    → vz vz and vxy → 𝜽
Ep and vz → vxy

But…
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Finite size detector

The beam
has a size!!!
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• the projection of the particle trajectory onto the xy plane

• one of the detector planes

• φp – the angle between the normal of a detector plane and 

the x-axis

• a – the shortest distance between a detector plane and the 

center of the detector

• ρ – the particle bending radius

The normal of the detector plane:

ො𝑛 = cosϕ𝑝, sin𝜙𝑝, 0

The equation of the locus of the + charged 
particle when the B-field is directed along the

z-axis:

𝑥

𝑦
=

𝑥0 + 𝜌 cosΔ𝜙

𝑦0 + 𝜌 sinΔ𝜙

Finite size detector

12
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detector 

plane
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𝑥

𝑦
=

𝑥0 + 𝜌 cosΔ𝜙

𝑦0 + 𝜌 sinΔ𝜙

𝑣𝑧 = 𝑣 cos𝜃 =
𝑧

𝑡

𝑣𝑥𝑦 = 𝑣 sin𝜃 = 𝜔 𝜌 =
Δ𝜙

𝑡
𝜌

Δ𝜙 = tan𝜃 ⋅
𝑧

𝜌

𝑥

𝑦
= 𝜌

−sin𝜙 + sin tan𝜃 ⋅
𝑧
𝜌
+ 𝜙

cos𝜙 − cos tan𝜃 ⋅
𝑧
𝜌
+ 𝜙
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𝑥

𝑦
= 𝜌

−sin𝜙 + sin tan𝜃 ⋅
𝑧
𝜌 + 𝜙

cos𝜙 − cos tan𝜃 ⋅
𝑧
𝜌 + 𝜙

At the same time:

𝑦 = 𝑏𝑥 + 𝑐

𝑏 = tan𝛼 = tan 𝜋 −
𝜋

2
− 𝜙𝑝 = −

1

tan𝜙𝑝

𝑦 = −
cos𝜙𝑝

sin𝜙𝑝
𝑥 + 𝑐

𝑎 = 𝑐 sin𝜙𝑝

𝑥 cos𝜙𝑝 + 𝑦 sin𝜙𝑝 = 𝑎

14
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𝑥

𝑦
= 𝜌

−sin𝜙 + sin tan𝜃 ⋅
𝑧
𝜌
+ 𝜙

cos𝜙 − cos tan𝜃 ⋅
𝑧
𝜌 + 𝜙

𝑥 cos𝜙𝑝 + 𝑦 sin𝜙𝑝 = 𝑎

tan 𝜃 ⋅
𝑧ℎ𝑖𝑡
𝜌

= 𝜙𝑝 − 𝜙 + arcsin
𝑎

𝜌
+ sin 𝜙 − 𝜙𝑝

• The particle can cross the detector plane 
n times

• The hit-point is from outside ->  the dot
product of the direction vector with the 
detector plane normal is less than 0

ො𝑛 ⋅
d

d𝑧

𝑥

𝑦
< 0

𝑧ℎ𝑖𝑡 =
2𝜋 𝜌

tan 𝜃
1 −

1

2𝜋
arcsin

𝑎

𝜌

for 𝜙 = 0, 𝜙𝑝 = 𝜋, 𝑛 = 1
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We know:
• 𝑚𝑎,
• 𝑚𝑏,
• kinetic energy of the projectile.

We measure:
• 𝐸𝑝,

• 𝑧ℎ𝑖𝑡,
• 𝑇𝑐𝑦𝑐. 

We want:
• 𝜃𝑐𝑚,
• 𝐸𝑥.

16
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Inverse problem

𝐸𝑋 = −𝑚2 + 𝑀𝐶
2 +𝑚1

2 − 2𝛾𝑀𝐶(𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡)

cos𝜃𝑐𝑚 =
𝛾(𝐸𝛽 − 𝛼𝑧ℎ𝑖𝑡)

𝛾2 𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡
2 −𝑚1

2

𝑧
Cyclotron orbit

Emission point

Detection point

𝑧

∝ 𝑧ℎ𝑖𝑡

𝑇𝑐𝑦𝑐 =
2𝜋𝑚

𝑞𝐵

We measure:
• 𝐸𝑝,

• 𝑧,
• 𝑇𝑐𝑦𝑐. 

We we are 
interested in:
• 𝐸𝑥,
• 𝜃𝑐𝑚

𝛼 =
𝑍𝐵

2𝜋

18
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J.C. Lighthall et al., NIMA 622 (2010) 97-106

𝐸𝑋 = −𝑚2 + 𝑀𝐶
2 +𝑚1

2 − 2𝛾𝑀𝐶(𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡)

cos𝜃𝑐𝑚 =
𝛾(𝐸𝛽 − 𝛼𝑧ℎ𝑖𝑡)

𝛾2 𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡
2 −𝑚1

2
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J.C. Lighthall et al., NIMA 622 (2010) 97-106

𝐸𝑋 = −𝑚2 + 𝑀𝐶
2 +𝑚1

2 − 2𝛾𝑀𝐶(𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡)

cos𝜃𝑐𝑚 =
𝛾(𝐸𝛽 − 𝛼𝑧ℎ𝑖𝑡)

𝛾2 𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡
2 −𝑚1

2

influence of 
detector size

20
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• The r-process is responsible for the creation of 
heavy elements in the universe

• Fission plays a crucial role in limiting the r-process

• Thus, fission cross-sections of neutron-rich nuclei 
are an essential input to theoretical modeling of the 
r-process

• Inverse kinematics studies using RIBs are promising 
tools for fission studies of neutron-rich nuclei

• Solenoidal spectrometers allow for precision studies
of fission cross-sections

21

Summary

Thank you for your attention!
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Position-sensitive Si Array
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May 20, 2022 | NT seminar | A. Kawecka and M. V. Managlia

• 24 double-sided silicon strip detectors (DSSD), four per side.
• 128x0.95 mm pitch strips on the front (p-side)
• 11x2 mm on the back (n-side).
• Solid angle coverage ~ 94% (𝜃), ~70% (𝜑)
• Length of active area (z axis) 501.5 mm
• Minimum distance to the target 14.5 mm

• Q-value resolutions approaching 20 keV
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Solenoidal spectrometers

23
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Square-shaped
Si array

Hexagonal-
shaped Si array

Active area Si 1000 mm2 − 20 mm x 50 mm
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Back up slides

RIB production at ISOLDE

24
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Finite size detector

25

the beam pipe

magnets to focus
the beam

Here (in reality) 
things get 
definitely worse:
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Finite size detector

26

magnets to focus
the beam

May 20, 2022 | NT seminar | A. Kawecka and M. V. Managlia

Here (in reality) 
things get 
definitely worse:

the beam pipe
(has a size)
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The origin of elements in the universe
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What happens inside a solenoidal field?
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Energy of a proton 
is related to its 
z position along the 
beam axis

• Target inside the solenoid 
• Fission fragments
• Proton follows helical trajectory and then is 

detected in a position-sensitive silicon array

What do we measure?
• Position along the 

magnetic axis z,
• cyclotron period Tcyc, 
• energy of the proton 

in the laboratory 
frame ELAB

Fission fragments
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• The effective resolution with the 
solenoid can be considerably better than 

with a conventional detector array.

• Particles are NOT detected at a fixed 
laboratory angle (conventional approach), but
rather at a fixed distance from the target.
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An important difference

• Large background reduction
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Off-axis effect

𝑥

𝑦
= 𝜌

−sin𝜙 + sin tan𝜃 ⋅
𝑧
𝜌 + 𝜙

cos𝜙 − cos tan𝜃 ⋅
𝑧
𝜌 + 𝜙

+ 𝜌0
cos𝜙0

sin𝜙0

𝑧ℎ𝑖𝑡 =
2𝜋 𝜌

tan 𝜃
1 −

1

2𝜋
arcsin

𝑎 + 𝜌0 cos 𝜙0

𝜌

May 20, 2022 | NT seminar | A. Kawecka and M. V. Managlia

center

beam
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Moving source
3D problem - Kinematics of 2-body scattering

ℙ𝑎 =
𝑚𝑎

2 + 𝑘𝑎
2

𝑘𝑎
ℙ𝑏 =

𝑚𝑏

0

ℙ𝑐 =
𝐸𝑐

𝑘𝑎
=

𝑚𝑎
2 + 𝑘𝑎

2 +𝑚𝑏

𝑘𝑎

LAB

Four-vector after scattering

CM

Lorentz 
transformation

𝑘𝑎 initial momentum 
of particle 𝑎 in LAB 
frame.

𝐸𝑐 total energy of the 
system in LAB frame.

a(b, 1)2

Four-vectors before scattering
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Transfer reaction kinematics

a(b, 1)2

P1 =
𝐸
𝑝𝑧
𝑝𝑥𝑦

=

𝛾𝑞 − 𝛾𝛽𝑘 cos𝜃𝑐𝑚
𝛾𝛽𝑞 − 𝛾𝑘 cos𝜃𝑐𝑚

𝑘 sin𝜃𝑐𝑚

=

𝐸
𝑝 cos𝜃

𝑝 sin𝜃

P2 =

𝐸
𝑝′𝑧
𝑝′𝑥𝑦

=

𝛾𝑄 + 𝛾𝛽𝑘 cos𝜃𝑐𝑚
𝛾𝛽𝑄 + 𝛾𝑘 cos𝜃𝑐𝑚

−𝑘 sin𝜃𝑐𝑚

=

𝐸′
𝑝′ cos𝜃

𝑝′ sin𝜃

The 4-momentum of particle 1 using 
CM coordinates

using LAB coordinates

(those equations are derived using Lorentz 
transformation and kinematics of 2-body 
scattering)

May 20, 2022 | NT seminar | A. Kawecka and M. V. Managlia
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Transfer reaction kinematics

a(b, 1)2

P1 =
𝐸
𝑝𝑧
𝑝𝑥𝑦

=

𝛾𝑞 − 𝛾𝛽𝑘 cos𝜃𝑐𝑚
𝛾𝛽𝑞 − 𝛾𝑘 cos𝜃𝑐𝑚

𝑘 sin𝜃𝑐𝑚

=

𝐸
𝑝 cos𝜃

𝑝 sin𝜃

P2 =

𝐸
𝑝′𝑧
𝑝′𝑥𝑦

=

𝛾𝑄 + 𝛾𝛽𝑘 cos𝜃𝑐𝑚
𝛾𝛽𝑄 + 𝛾𝑘 cos𝜃𝑐𝑚

−𝑘 sin𝜃𝑐𝑚

=

𝐸′
𝑝′ cos𝜃

𝑝′ sin𝜃

𝑞 =
1

2𝐸𝑡
(𝐸𝑡

2 −𝑚2
2 +𝑚1

2)

(these equations are derived using Lorentz 
transformation and kinemaktics of 2-body 
scattering)

𝑄 =
1

2𝐸𝑡
(𝐸𝑡

2 +𝑚2
2 −𝑚1

2)

May 20, 2022 | NT seminar | A. Kawecka and M. V. Managlia

the total energy in the CM frame
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Transfer reaction kinematics

a(b, 1)2

P1 =
𝐸
𝑝𝑧
𝑝𝑥𝑦

=

𝛾𝑞 − 𝛾𝛽𝑘 cos𝜃𝑐𝑚
𝛾𝛽𝑞 − 𝛾𝑘 cos𝜃𝑐𝑚

𝑘 sin𝜃𝑐𝑚

=

𝐸
𝑝 cos𝜃

𝑝 sin𝜃

P2 =

𝐸
𝑝′𝑧
𝑝′𝑥𝑦

=

𝛾𝑄 + 𝛾𝛽𝑘 cos𝜃𝑐𝑚
𝛾𝛽𝑄 + 𝛾𝑘 cos𝜃𝑐𝑚

−𝑘 sin𝜃𝑐𝑚

=

𝐸′
𝑝′ cos𝜃

𝑝′ sin𝜃

the momentum of particle 1 or 2 in 
the center-of-mass frame (CM)

using LAB coordinates

𝑘2 =
1

4𝐸𝑡
2 ((𝐸𝑡

2 − 𝑚2 +𝑚1
2)(𝐸𝑡

2 − 𝑚2 +𝑚1
2))

May 20, 2022 | NT seminar | A. Kawecka and M. V. Managlia
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Some simulations..

35

𝑝 @1 − 10 MeV 
in 2.5 T

isotropic source

2.6cm

gate on 2 MeV protons

Ideal case. 
String-like detector.

May 20, 2022 | NT seminar | A. Kawecka and M. V. Managlia

Protons hitting Si array before completing a 
cycle.

Protons hitting Si array 
after more than 1 cycles.


