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Summary

We report on techniques to determine the mion
component in the pion therapy beams at the Clinton P.
Anderson Meson Physics Facility biomedical channel.
The objective 18 to provide input to the project’s

treatment planning code PIPLAN which uses measured
beam data to generate dose distributions. In these
data it 1is important to identify the particles

emanating from the channel by type, i.e., pion, nuon,
or electron. Muons from decays in the latter portion
of the channel form a large "halo" around the pion
beam. As our pion field sizes have increased, this
"halo" has become an increasingly larger fraction of
the beam. Results from beam measurements and computer
simulations are presented.

Channel and Measuring Equipment

The channel has 11 magnetic elements 1in a
three-bend system (Fig. 1)1. The first section
collects pions and acts as a broad—-band spectrometer.
It focuses a dispersed beam with large momentum spread
on a Be wedge degrader which reduces the spread to 1.6
percent rms Ap/p. Following the degrader a 60° wedge
focusing bend directs the beam vertically downward
into the beamshaping section of filve 35-cm bore
quadrupole magnets. Multiwire proportional chambers
are located before the 1last bend and above the
beamshaping section. The 1last bend serves as a
magnetic spectrometer, allowing momentum measurement
of each particle. Chamber planes at the channel exit
complete the system comprising a total of 10 planes in
coincidence along with time-of-flight scintillators.

feature 1is that the particle
trajectory 1s determined & above and below the
quadrupole section. Data 1s collected at reduced
primary beam current to permit proper chamber
performance.

The important

Time-¢f-Flight Measurements

Figure 2 shows the time-of-flight distribution
through the 11.7 m channel using a chopped proton beam
for which the micropulse separation is 40 ns instead
of the uwsual 5 ns. The accelerator radio frequency
signal provides the timing reference. The width of
the electron peak indicates that the overall
resolution is about 0.5 ns rms which contains
contributions from the micropulse length on target,
resolution of the electronics, scintillator size
effects, and path length differences through the
channel. A 10%Z reduction in width is observed when
the channel acceptance 1is stopped down  and is
consistent with calculated path length differences.

The dintrinsic 0.5 ns width of the pion peak is
further increased by the large momentum spread of the
beam in the 4.7 m before the degrader. The momentum
of each particle before entering the wedge is measured
by 1ts focal plane position,1 limited in accuracy by
wedge scattering. The momentum of each particle is
directly measured after the wedge using the last bend,
and therefore an accurate time correction is possible
for the 7 m reglon to the end of the channel. After
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both corrections, the time width of the pions alone
can be reduced to the electrom width.

Prior to the availability of chopped beanms,
time-of-flight was measured between two scintillators,
one 4.3 m upstream in the channel and one at the exit.
In addition, the 201 MHz reference signal was used to
get total flight time in the channel as indicated
earlier. This spectrum alone cannot resolve pions and
muons since it is not known which micropulse initiated
the event. This ambiguity is approximately resolved
by taking into account the flight time between the two
scintillators. Figure 3 1is the piomrmuon region so
obtained. The chopped beam data is preferred, and 1is
used for following results.

Results of Time-Of-Flight Data

discussed

produce
"cloud" mions which are also seen as a peak
in Fig. 2. Decays along the channel fill the valley
between the cloud muon and pion peaks. Within the
pion peak are mions from decays in the latter part of
the channel.

Electron contamination has been

previously.® Pion decays in the target region
so-called

After momentum correction, the pion peak is
Gaussian—fitted, and a cut is made at 2.5 o toward the
muon reglon separating out pions and muons from late
decays from the identifiable muons. The fractions of
the total beam for each component are given in Table I
for three momenta. The piomr-muon division is
dependent on resolution for a particular run so these
numbers are not excactly the same for every run of the
same momentum.

Detection of Decays in Latter Part of Channel

As particle trajectories are measured before and
after the beam section where decays are not identified
by time, it 1is easy in principle to identify late
decays. The matrix transformation from the upper wire
chambers to the lower wire chamber predicts the output
trajectory from the measured trajectory at the upper
chambers. We form these differences for each event:

AX = Xmeasured - xpredicted
AG = emeasured - epredicted
AY = Ymeasured - Ypredicted
A¢ = 4>measured - ¢predicted

The distributions of the A’s are Gaussian with
long tails that are identified as mions from decays in
the region between the chambers. The widths of the
plon central regions are typically 1-2 cm rms and
10-20 mr rms. Multiple scattering due to material imn
the beam such as the wire chambers themselves
contribute to the widths. The channel has no vacuum
system and has He bags most of the length of the
channel.

Figure 4 is a scatterplot of A vS.
time-of-flight. The pion region shows long tai?s due
to decays 1in the 4 m between the upper and lower
chambers; the tails are much smaller in the cloud muon
and electron regions. The tails are thus seen as
evidence for kinks in the trajectories and are
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identified as muons. A similar scatterplot can be
made for a pion beam with a small spot size {if X is
plotted directly against time. The usual muon halo is
then evident. Using the 4°s Jjust makes this halo
visible for wide beams. The mions identified by kinks
have the same momentum distribution as their
predecessor pions for which the momentum was measured
through the last bend.

Computer Simulation

The muon decay problem has been simulated with
the ray-tracing code DECAY TURTLE? which was modified
for this particular problem. Quantities exactly
equivalent to the A’s were calculated including
appropriate multiple~scattering in the channel
provided by TURTLE in the usual way. The A“s observed
in the channel are fitted by a Gaussianweighted
moment calculation. The muon tails are effectively
ignored. The widths of these fits are  largely
explained by the multiple-scattering in the TURTLE
calculations.

Another question answered by TURTLE refers to the
muons unseen within the plon time-of-flight peak,
i.e., those particles within 2.5 o of the pion peak.
Specifically, how many of these muons originate prior
to the upper wire chambers? In these instances the
kink method is not applicable. Depending on momentum,
only 3-5% of the mions inseparable by time, originate
between the wedge degrader and the upper wire
chambers.

With decays turned on, the A’s calculated in
TURTLE contain the long tails from the mion events.
The same Gausslamweighted fitting is done to obtain
the widths of each A. Events outside £2.5 ¢ on any of
the four A’s are flagged as muons. The widths of the
experimental A’s can also be used without substantial
change in the result. How many muons would be missed
by this procedure? Extreme backward or forward decays
fall into this class. The result is that 3-5% of the
muons detected in the wire chambers but not separable
from plons by time—-of-flight will not exhibit
sufficient kinks to be flagged as muomns.

Results of TURTLE Calculations

Table IT1 gives the TURTLE results for muons that
hit the 40 x 40 cm time~-of-flight counter but are not
separable from pions by time—-of-flight. Column 5
gives the u/m ratio for those particles for several
types of tunes. This information completes the
picture of beam composition. For example, the 71% m +
u at 150 MeV/c in Table I becomes 60% 7 and 11% u
using u/m = 0.18.

In addition, a large number of muons miss the
time—of~flight counter entirely. In the 150 MeV/c
example, this component is equal to the number given
in column 5, leaving the total composition barely over
50% pions in this case. These extremely wide mions
should be stopped prior to the patient but are not
otherwise any problem.

Fractional composition alone Is not useful for
most purposes. The phase space of each muon coumponent
is very different. The muons in Table I have roughly
the phase space of the pion beam. The muon
distributions due to decays late in the channel given
in column 5 are broad with large angles. Column 6
gives the p/# ratio at the center of the field for
these wons and reflects the relative sizes of pion
and mion distributions.

The last two tune types show reduced mion
fraction 1in the center of the field. The patient is
scannsd beneath such beams in the dynamic treatment
mode.” With proper collimation, a large fraction of
the muon halo can be eliminated.

Experimental Situation on Kink Detection

The experimental situation for kink detection is
not as clean as the TURTLE result. The problem is
that a significant number of pions can be incorrectly
flagged as muons. That 1is, significant numbers of
pions fall outside the *2.5 o cuts on the A’s. Direct
tests can be made for € and cloud p where kinks are
not expected. At 150 MeV/c only about 3% of the e and
cloud u would be flagged as having a kink using the
same procedure. However, at the higher momenta, the
fraction is up to 4% for e and 10% for cloud p .

The situation 1is improved by making the cuts on
the A’s at *#3 ¢o. Twice as many muons will be missed
but fewer pions will be misidentified as mions. With
%3 ¢ the particles flagged as late decays are
approximately the same as predicted by TURTLE in
number and phase space distribution.

Concluston

We have identified contamination fractions in our
beams but are not vyet satisfied with correct
identification of muons within the pion time-of-flight
peak. Forward decays are the most difficult to
handle, and an additional signature for them such as
range discrimination is needed. However, the added
drift for such a measurement introduces more mions.

The methods described here are probably
sufficient to experimentally reject the late decay
component rather than to identify a pure sample. The
late decays would be then entirely calculated for
PIPLAN input, with the added advantage of giving
properly correlated momenta and polarizations.
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TABLE I

Beam Composition From Time-~of-Flight Data.
Muons from late decays are not separated from pions.

Momentum T and Cloud u and u e
(MeV/c) From Late From Mid-Channel
Decays Decays
150 71% 15% 147
167 75% 16% 9%
190 81% 12% 7%
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TABLE II

TURTLE Results for Muons Within the Pfon Time-Of-Flight Peak and
Hitting 40 x 40 Cm Scintillator

Beam Type-Treatment Mode2 Pion Beam Momentum i p/a
Size FWHM(cm) MeV/c T On Axis
X Y
Broad-Static 16 15 150 0.18 0.051
Broad-Static 17 20 150 0.18 0.074
Broad-Static 16 15 167 0.19 0.060
Broad-Static ) 20 23 167 0.18 0.092
Broad-Static 18 16 190 0.20 0.094
Brcad-Static 22 22 190 0.20 0.14
Fan-Dynamic 23 3 167 0.18 0.025
Spot-Dynamic 5 7 167 Q.21 0.018
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Fig. 1 Channel layout showing locations of multiwire
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