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Abstract: In this note we summarize the results of calculations that we car-
ried out with G4Beamline about the σ-matrix of 480MeV proton beam under
Coulomb scattering and energy loss straggling from the carbon foil/target traver-
sal.
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In TRIUMF cyclotron we use stripping foil (carbon foil) to extract protons. The foil’s typical
thickness is ∼2 mg/cm2. Through such a foil, the Coloumb scattering and energy loss straggling
suffered by the protons of 480 MeV are not negligible to the primary beamline optics calculation.
In addition, in BL1A we have T1 and T2 Beryllium targets of thicknesses being 12 mm and
50 mm (or even 100 mm) respectively. They cause large scattering, large energy loss and energy
loss straggling to the proton beam. In order to characterize these effects, we carried out multi-
particle (1 million particles) simulations with G4Beamline for a 480 MeV proton beam traversing
a carbon foil/target of various thicknesses, followed by statistical calculations for the σ-matrix
and correlation parameters. The results are compiled in the Table 1.

These σ-matrix elements were calculated using all the primary particles (protons, ∼1 million),
without making any truncation to their positions, angles and momenta, which means that the
small angle multiple scattering, large angle single/plural scattering and head-on collisons with
electrons all are included. This is equivalent to covering the position, angle and momentum in
the full space between −∞ and +∞, like in the analytical approach that integrals are taken
between −∞ and +∞.

The first row of 0 target thickness actually gives the incident beam’s property. It’s seen that
under the condition of thin foil where the average energy loss is less than 0.5 MeV (i.e. ≤0.1%),
only the elements σ22, σ44 and σ66 are changed, while σ12, σ34, σ16 and σ26 remain unchanged.
But the correlation parameters r12, r34, r16 and r26 decrease in their absolute values simply
because σ22, σ44 and σ66 have increased. In other words, the correlation parameters satisfy the
following relations:
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where the supersripts ‘in’ and ‘out’ denote at the entry and exit of the foil/target respectively.

Whereas under thick target through which the average energy loss exceeds 4 MeV (i.e. ≥0.8%),
the elements σ12, σ34, σ16 and σ26 change significantly. In this case, the particle distributions in
the phase spaces (x, x′), (y, y′) & ∆p/p become so far from normal that the envelope calculation
result from TRANSOPTR become unreliable. We have to use G4Beamline. Nevertheless, under
such condition the correlation parameters r16 and r26 become close to zero.

As an example, Fig. 1 and 2 show the distributions of particles in (x, x′), (y, y′), (∆p/p, x) and
(∆p/p, x′) at the exit of foil/target of 0 and 2 mg/cm2 as well as 10 mm thicknesses separately.

In the real life, the situation becomes somewhat complicated. Particles of angles above 5 mrad
will likely get lost during propagation because the R-matrix element R34 reaches ∼1 cm/mrad
at maximum while the pipe aperture is limited to 4 inch (10 cm, full). If we truncate the angles
of ≥ 5 mrad prior to the statistics calculation, we will get results that appear to be very much
different from the Table 1 especially on the elements σ22 and σ44, even if for the 2 mg/cm2 thick
foil. This implies that the envelope calculation throughout the beamline with TRANSOPTR is
just approximate rather than accurate. In particular, one would never take into consideration
all the tails/halos, as measured with profile monitors, to calculate the rms beam sizes, because
one can barely distinguish the halo particles from the background noise arisen from e.g. the
electronics. Instead, one usually focuses on the core of the beam and makes a cut of the profile
tails. This is already making an approximation.
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Figure 1: The distribution of particles in the phase spaces (x, x′) , (y, y′), (∆p/p, x) and
(∆p/p, x′) (from top to bottom) at the exit of carbon foil of 0 (left) and 2 mg/cm2 (right)
thicknesses respectively. Notice the large differences in scales of axes for visualizing the large
angle scattering.
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Figure 2: The distribution of particles in the phase spaces (x, x′), (y, y′), (∆p/p, x) and
(∆p/p, x′) (from top to bottom) at the exit of carbon target of 10 mm thicknesses. Notice
the large differences in scales of axes for visulizing the large angle scattering.
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