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A Calculation of the Physical Chara.ctefistiés of Negative Pion Bea‘rns--_‘
Energy-Loss Distribution and Bragg Curves. Radiation Res. )
PP. - (1967). :

CURTIS, STANLEY B. and RAJU, MUDUNDI R.

Donner Laboratory and Lawrence Radiation Laboratory
University of California, Berkeley, California
Southwest Center for Adva?lrcl:id Studies, Dallas, Texas
ABSTRACT

Calculations have been made of the dE/dx distribution (LET
spectrum) and central-axis depth-dose curves (Bragg Curves) of
stopping negative pion beams in water. Such beams are of interest
because of the large depositionl of energy at depth in the stoppinvg pion
region relative to that deposited at the surface. Nuclear interactions
.occurring when the pions come to rest cause low-energy highly ionizing
particles to be emitted as the capturing nucleus breaks up, thu.s
increasing the dose deposited in the stopping-pion region. The calcu-
lations show that for beams similar to those presently available ex-
perimentally, peak depth-to-entrance ratios of 3.4 and 2.9 can be
‘expected in water for pure and contaminated beam; respectively with a
 width of around 3.5 cm. The contaminated beam was assumed to
contain 65% pions,. 10% muons, and 25% electrons. The pions in these
beams have a range of 25 cm of water. Comparison wifh experimental
results taken with-a lithium -drifted silicon detector shows that this
detector gives a reasonable picture of the relative doses in water, and

so can be used to measure isodose distributions and Bragg curves in

water phantoms.

KEY WORDS: Physical characteristics of charged particle beams,

negative pions, LET spectra, Bragg curves.
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Considerable interest has been shown in the past several years

in the possibility of using a negative pion‘(ﬂ' -meson) beam in radio-
therapy (1-4). Negative pions have unique propefties not shared by é.ny
of the radiations now used in radiotherapy. The pions travel thi‘qugh
matter at low ionization levels and, when they come to rest, are
captured by nuclei and undergo violent nuclear interactions, causing
low-energy, highly ionizing particles;to be emitted as thé nuclei break
up. The depth of pion penetration depends on the initial ehergy of the
particle. Most of the particles iﬁ an incoming beam survive and come
to rest at the end of their range; the rest either decay or undergo.
nuclear interaction in ,flight.,. Véfhen the negative pion comes to rest in
water, it is captured by either a proton or oxygen nucleus, forming a .
T~ -mesic atom; If it is captured b? a proton, the resulting neutral
é.tom diffuses through the medium until an oxygen nucleus is encountered.
The pion is then captured by the oxygen nucleus, since the resulting
energy of the system is lower; that is, the r)ion can be more tightly
bound. The pion cascades down through the energy levels in the T~ -
mesic,. atom until it reaches the ground state. The ove.rlap of the
nucleus and pion is the'n‘ such that ti‘le probability of a nuclear inter-
action is unity and the interaétion occurs, All this happens in times
short compared with the mean lifetime of the pion of 2.6 X 10-8
second. Some w;)rk (E, 5, f)_) has been done on the identification‘of the
particles emerging from these nuclear interactions, or "stars" as
they are called in nuclear emulsion.

An attempt is made here to calculate a few of the physical

characteristics of pion beams (both pure and contaminated with other
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particles) which are of interest in evaluating the potentialities of such
| a beam for radiotherapy. It should be é.mphasized at the outset that the
following calculation is only as good as the input experimental data and
‘the subéequent assumptions and approximations allow it to be. The final
test of the suitability of pion beams for radiotherapy will come from ‘chev
'labo‘ratory, wheré controlled experiments can be conducted on biological
systems and the resulting effects can be carefully mea.sured;
Throughout the calculation, many of the geometrical and physical

input data reflect experimentai conditions in the meson cave of the

184 -inch cyclotron at the Lawrence Radiation Laboratory, where much
of the experimental work is being carried out (?_, é)o One artificial
assumption is made: The incident pion beam is-initially parallel and
uniformly distributed. This is difficult to achieve experimentally,

but it is certainly possible to achieve a beam paré,llel enough and with
great enough uniformity to allow t1"1e following analysis to be valid. As
comparison with experimental results shows, the analysis predicts well
| the gross features of the variation of ionization with depth in water, and
theré is no reason to believe that the resultiz_ig distribution of dE/dx is
not roughly correct also.

| The input data of the differential Aenergy spectra of particles
emerging from a pion interaction at rest come from the fine experimeﬁté
performed in water-impregnated emulsion by P. H. Fowler and his
glroup at the University of Bristol (2). By a subtraction process, they
obtained the spectra of the various particles: .protons, « particles,
7Li ions, and the heavy fecoils (boron, »carbbn, and nitrogen) which

result from the capture of a negative pion by an oxygen nucleus in water.
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'I“o simplify the calculatiovn, all the heavy recoils are assumed.‘here to
~be carbon nuclei. Tfle pion rest-mass energy of 140 MeV is available
for overcomihg the binding energy’in the nucleus and giving kinetic
energy to the emitted particles.
THE dE/dx DISTRIBUTION
We first define a function, F(e¢), which we call the dE/dx or
energy-loss distribution (sometimes called the LET spectrum); F(e)
is defined so éhat |
[F(e )d(loge ) = total energy deposited per unit mass
aF the poirét in question per incident
pion / cm®. _ (1)
Here ¢ is th.e collision or ionization energy loss per unit iength, : dE/dx.
. We use the differential of the iogarithm of e because of the wide range
in dE/dx iﬁvolved in this problem. It will be convenient to plot the
distribution logarithmically in dE/dx, and so equal distances along .the
abscissa will have equal weights if F(e¢) is defined as above. The inte- |
gral we note is proportionél to the dose deposited at the point. We
assume that all the energy is deposited locally, ‘i. e., d-ray corre‘ctions
are small, |
From the standard nﬁahner in which doses are calculated from
particle fluxes, we can form the equality g% edE = F(e )d(loge), (2)
where dJ/dE is the differential eriergy spectrum at the poinfT, i.e., the
number of particles per unit energy interval per unit area per iné'ident
‘ fluénce. From Eq. 2 we solve for F(e), ébtaining
F(e) = 2.303 3. « °/%. | | (3)
For a given €, we can easily calculate de /dE, which is the slbpe of the

—

dE/dx-vs-E curve (7). In the low-energy region, the work of
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No thcliffe has been used (8)., A more difficult task is the determination
of dI/dE at the point in question for the varioué partiéles emerging from
the pion stars. This quantity is calculated for one particie type in
Appendix I, and the resﬁlt is .given here: _
g—JE = -EE(—ZL) ]Emax % dEo, : (4)
| E | K ‘
where p(Z) = density of stopping pions at a depth Z in the water per .
”incident pion fluence,

e = dE/dx of particle of energy E,

Ema;{ = maximum energy of particle\s emitted from a star--the
exact value of Emax is not importaht, since the spectrum drops off
steeply as a function of energy,

| %-JE = differential energy spectrum per pion star for the
‘particle type in question,

Eo' = initial energy of particles emerging from the star.

Substituting Eq. 4 into 3, we have, for the energy loss distribution,

Fle) = 2, 303 p__v___f max dJ vdEo' (5)

Note thatj max %JE «dEo is just the total number of particles with
A E 0 ,
initial energy greater than E. The total F(e) for the stars is the sum

of the contributions from each particle type,

Figey = Tfd, F) Py 6 Ep O )
star ‘
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CONTRIBUTIONS FROM OTHER PARTICLES IN THE BEAM
The presently available pion beams unfortunately contribute low

dE/dx componenfs to the ionization deposited in the star region; Those
pions which have not yet stopped have dE/dx higher than miﬁimu.rn,‘ bﬁt B
lower than the high dE/dx of the charged particles emitted in the star.
This contribution is calculated as follows. It is necessary to know the
momentum or energy spread of the beam in order to calculate h'oW many
pions at any point have not yet stopped. We have assumed an initial
beam of mean momentum 190 MeV/c, with the particle momenta in a
Gaussian distribution with standard déviation 5. MeV/c._' These are
values taken from our experimental beam at the 4184-inch cyclotrqn.

The energy-loss distribution is calculated from Eq. 3, with

T €= % e, e (-Z/)\), | (7)
L 0. 0 .

where A = the pion interaction mean free path (= 68 cm, the "geometric"

mean freepath, in this calculation)

as T 1 (.:Po - P 2
_CTI;. = % exp |- VA "—5_'—'— ’
a .0 (2m) :

with p = the mean initial pion moméntum,
P, = the initial pion momentum,
0 = the standard deviation,
Eo = the initial pion energy,
L Z = dépth into the Water,
and e 0 = dE/dx of the pions of initial energy Eo'
The exponential factor in Eq. 7 takes care of those pions lost vf"rom the

‘beam through nuclear.interaction before reaching the stopping region.
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We assume no dose contribution from these interacti_oné,' We also
neglect pion decay 6ccurr‘ing in the water. |
Acéompanyi'ng the pions in the beam are muons andA electrons
of the same momeﬁtum. The approximate percentages of the various
éomponents of our initial beam are 65% pions, 25% electrons, and 10%
muons (3). The muons are products of those pions which deca.y; before
reaching the final momentum-selection device. Their contribution to
the energy-~loss distribution is calcuiated in the same way as the pion‘
contribution, with the omission of the exponential factor, because
muons do not undergo absorption via the nuclear interaction. The
electrons arise mainly from high-energy neutral pions decaying into
two vy ‘rays with subsequent electron—posifron pair formation.-in the
target. The electrons were assumed to.be minimum ionizing every-
.wher'e and to ﬁndergo a slight buildup because of electromagnetic showe;
production through the water. The electron dose was considered to
increase linearly with depth and to reach 1.5 tifnes thé initial ‘dose at
40 cm depth., For comparison, the peak region of the ionization curve

for the stopping pions occurred at about 25 cm in our beam.
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CONSTRUCTION OF THE BR.AGGV CURVE

The portion of this study ~dealing with the 'pion and muon con-
taminations lends itself to computer ana,lysis,‘ and a program was
written for the CDC 6600 té calculate the energy-loss distfibutions for
the pion and muon components as a function of water depth and then to
» integré.te these to obtain the energy deppsited per unit volume so that
relé.tive ionization depth-dose curves (Bragg curves) could be obtained.
The contribution from the stars in thev-stopping region was included by
multiplying the density of stars .at-the various poihts in the star région
by a constant and adding it to the other co.r;tributioné. This constant |
value, which is calculé.ted to be 29 Me'\'}, can be considéred the intrinsic
contribution of one star to the ionization deposited on t_h_g_ average in the

T——

medium. It is just

' o 5 |
p(Z) j Fe) . d(loge)
-0 ’tqtal star ,

where F(e )' L isgive.n“ in Eq b, .
total star

' RESULTS

The dE/dx distribution at 25.5 cm of water arising frbm all the .
components--stars,. pi'ons.', muons, and electroné--afe added together
and shown in Fig. 4. The contribution from each component is also
indicated. The spikes from the various components at high dE/dx ariéé
at thé épot where del/dE goes through zero (see Eq. 3). It is seen
from the figure that.there is considerable contamination fromnlow-
dE/dx components. The area under the curve is propo.rt.ional to the

dose, and by integrating this function at several depths and normalizing -

the results to the dose at the entrance, a normalized central-axis



-11- o UCRL-17606

depth-dose curve can be constructed. This is shown in Fig. 2 for a
beam consvisting only of pions, and in Fig; 3 for the contaminated beam
described above, consisting of 65% pions,. 10% muons, and 25% elec- .
tr‘ons. Also indicated in Fig. 3 is the vcontrivbution from heutrons,
which is seen to be small. The calculation of tﬁe neutron contribution_
is outlined in Appendix II.
MULTIPLE SCATTERING AND STRAGGLING CONSIDERATIONS
We have neglected both multiple scattering of the beam and
range-straggling effects. The multiple scattering is negligible because
the calculated Bragg curve is a central-axis curve and the width of the
multiple scattering distribution is small._compared\with the radiusvof
the beam cross section used in our experiments. The standard deviation
of the projected multiple scattering distribution of a pencil beam of
stopping pioné can be approximated well (see multiple scattering
treatment in‘ Appendix II) by
0 g 763X 1072 ROO’95
= 1.65 cm in the.'stqpping pion region (R'o = 25.5‘cnv1).
Since this is small éompared with the half-width of our beam 6f 38 cm, ‘.
the spreading of the beam is apprecliable only near the edges, and our |
rcenAtral-axis value is relatively unaffected by multiple scattering. The
cofrection on the beam axis -would be 4%, assuming a uniform incident =
beam. | |
The amount of.straggling can be approximated bir using the graph
and table given in the American Institute of Physics Handbook (?)f The |
percentage change in the range due to straggling is Gaussianly distributed

and the fractional standard deviation is given by |,
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=

0 /R, = (39,2_%_) £(E/mc?),

mc -

"where m is the pion masé. The function f(E/méZ) is given as a function
of enérgy in the graph for iron in the Handbook, and interpolation to .
other elements can be made by using the accornpany"in‘g.1:able° For

pions of energy 96 MeV, the result in water is

_O_'s/ R, = 0.024 or 0 = 0.6 cm. |
Figure 4 shows the density (as a function of depth) of stopping :

pions, as calculated'by the computer program.. The shépe of the

curve is due to the initial momentum spread. ; A Gaussian approximation
with standard deviation 1.6 cm is shown as the solid éurve. It is . |

seen that the pions stop in an approxima’tely Gaussian d:istribution.

The' folding of two Gaussians produces_anotﬁer Gaussian of standard

d'eviation,

o = (0,12 + 022)%7, |
where Giand o, are thel standard deviation of eaéh Gaussian. | Thus, -
folding the straggling distribution into the distributio.n‘due to ﬁhe initial
momentum spread yields the total standard deviation,

0 =141.7 cm. |
We see that the straggling correction adds only 1 mm to thé spread
due to momentum spread of thé initial beam. Therefore; it has been
neglected in the calculation.

‘ Finally, there is a small correction to the straggling due to

multiple scattering. This effect has been estimated and is a small

fraction of the straggling correction and so is also neglected.
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DISCUSSION

c It.is seen from Figs., 2 ,a.nd 3 that the dose in the stopping pion
region is increased ma‘rkedly by the presence of the particles
produced in the nuclear interactions. For the puré pilon beam, the
maximum depth-to-entrance dose ratio is 3.4 and the full width at
half maximum (i.e., the width of the curve when it has a value half
way between 1.0 and its maximum value) is 3.5 cnﬁ. For the con-'
taminated beam, the maximum dose ratio is 2.9 and the full width at
half maximum is 4 cm The maxima of both these curves occur at 25
cm of water for a beam of 190 MeV/c initial momentum.

It is possible to calculate the relative contributions to the dose

'fi'.om the various types of particles at, for instance, the rﬁaximum of
the dose curve. The percentage of dose ‘caused by the pions which
" have not yet stopped varies greatly through the peak region. Table I
gives percentage contributions from the various particles at 25.5 cmb
of water, near the maximum of the dose curve, for bofh the 'pure and
c@ntafninated beams. Here, the pions which have not yet stopped
contribute 35% and 30% of the dose, respectively. Itis seeh that the - |

12C ions, and neutrons)

most heavily ioniiing components (%He, 7Li,
account for 32% and 28% of the dose for the pure and contaminated
beams, ;'espectively. The oth‘e‘r 30% of the dose comes from'the
protons, which are seen from Fig. 1 to be mostly in'the low dE/dx
range. ’i‘hese percbentages_vary as a function of incident particle
momentum as well as momenturn spread of the beam.

Although this calculation was carried out under the assumption

that the medium in which the pions stopped was water, it is of some

interest to compare these results with preliminary data of a dose
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curve measured with a_.-' lithvium—driftedvsivlicon detector in the pion beam
at the Befkeley 184-in§h éyclotfon, as reported by Raju et al (:1_0).
Thié comparison is shown in Fig. 5. Experimentaily, the line.arity of
the electronic system required is difficult to achieve c;ver the large
r>ange of pulse heights present in the st‘opping pion region, and the
experimental data presented must be"considered of a preliminary
nature (1_0_). Theagreement is good, however, and could probabiybe
made better By adjustiing the momentum spread of the incident beam
gsed in the calculation.b Computer runs were made with spreads of 3,

5 énd 7 MeV/c and the best fit (5 MeV/c) was chosen. This is a
reasonable value and had been assumed prior to these experiments by
the physics groups using this pion'beam. |

The higher dose, beyond the pion peak in the experimental data,

'has not been completely explainéd, but may Well be due to the con- |
tribution from negative rhuon-capture’processes in the silicon detector,
The probability for such processes rises.as Z4, for low Z where Z is
tﬁe atomic number of the stopping material. The probability for
nuclear capture of the muon equals the probaﬁility for muon decay at

Z == 40. Since silicon has a Z of 14 -and oxygen has a Z of 8, capture
processes will dominate in the detector while decay will dbminafe in |
water. The capture process is p~ + p = n + v. The neutrino carries
off most of the energy. ‘i‘he most probable fate of the resulting excited
nucleus is for one or fnore low -energy neutrons to be "boiled off" in an
.e{raporé.tion pr‘océss. This would lead to a sfnail increase in dose in the
silicon:dAetectOr around the muon stopping region.' Another proqvess,

which occurs with less probability, is the direct emission of charged
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particles. A theoretical calculation of this correction for silicon has
not been attemptéd. The dose in the muon stopping region in water
arising from mﬁon-decay electrons has been estimated to be not more

‘than 10% of the muon contribution shown in Fig. 3, and so was not in-

cluaed in the figure.

In view of the fact that the calculation wva.s‘ made for water and
. the experimental data were thained in a silicon detector with a sorne_—'
what nonuniform pion beam, the comparison between the theoretical
and experimental results as shown in Fig. 5 is considered satisfactory.
In fact, the similarity between the two resulfs indicates that the nuclear
interactions occurring when pions are -captured in silicon do not produce
significantly different particle types and spectra from those occurring in
water. Thus, silicon detectors appear to be useful dosimeters for

measuring the distribution of dose from pion beams in water.



-46- ‘ ' © UCRL-17606

SUMMARY

The physic_al prbperties of a stopping negati\;e pion beam have -
been studied in conne.‘ction» with dosimetry experivmen'tsi with such bearﬁé
at the Berkeley 484-inch cyclotron. Calculations have been made of
the dE/dx distriEution in the stopping pion region, and central-axis
depth—dosé curves (Bragg curves) have been computed with the as-
sumption of a; uniform para.'llell incident beam with a large enough cross
section so that multiple scattering can be negleéted. A Gaussianly
distributed incident momentum spre{:aLd is assumed such that the width
~of the Bragg peak in the stopping regioﬁ due to momentum straggling
is large compared with range straggling effects. This approximates
well our experimental situation. Although the caléula.tions were
 carried out with water as the stopping medium, comparison of the
resulting Bragg curve with an experimental curve obtained with a
silicon detector shows good agreement. This result implies that the |
nuclear products emerging from a silicon nucleus after pion capture
do not alter significantly the dose in silicon from the dose expecteci in
water. Thus it appears that silicon detectors can be used to obtain
information on dose distributions of stopping pions beams in water

phantoms.
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APPENDIX

I. Calculation of dJ/dE at depth Z in the Pion Stopping Region

We assume a uniformly distributed paraliel beam of incident
pions to calculate dJ/dE at a depth of water, Z, in the pion stopping
V'region on the central axis of the beam. The beam is assumed to have .
a large enough cross section so that edge effects are nonexistent on the
central axis. We let dJ/dE0 be the number of particles of a given type.
‘(e. g., protons) of energy between Eo and Eo+ dEo emitted isotropically
 from a pion interaction. The quahtity dJ/dE0 is the differential energy
_spectfurn per star. The spectra measured by P. H. Fowler (2) in
oxygen have been used in this calculation. Now we ilet -fD (Eo’ r) equal
the number of particles of initial energy between Eo and Eo + dEo |
crossing a unit area at a distance r from a star. If we integrate this
function over a sphere, we must account for all the particles between
Eo and Eo + dEo emitted from the star.

has, et o
j’"fD(Eosﬂ = 3E

sphere 0
where dA = r2sin 6.d 6 d 6.

Since r is constant on the sphere, thq integration is trivial and yields
| | | L _ag -
(Eo’ r) = a= - _ (2A)

0

dmx” £

. Now to calculate the number of particles per unit area at Z with

envergy greater than E from sources (stars) in the vicinity, we must
integrate fD(EO, r) over energy from E up to Erﬁa}‘{:and over volume to -
include all those stars which will contribute particles of energy E or

greater at the point. We integrate the function fD(Eo’ r) p(Z,r), where
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I (E ,r)is ti'le number of particles crossing unit area per star
0 e —_

D( A
at a distance r from the point and p(Z, r) is the density of stars (i.e.,
number per unit volume) at a distance r from the point Z. We hav(e;A)
. E R(E ) -R(E)r 7 o ,
J(>E) =f e f ’ ij(Eo,r:r) p(Z,r)dAdr dE .
E -0 . ‘ ~ v
We now assumé that the density of s_tars,' p, varies linearly over the
region where most of the energy from a star is deposited. -That is, we
make the approximation
p(Z,r) = p(Z)+ K r cos 6, : o (4A)
where r cos 6 is the distance along the 'z axis and p(Z) isv the density |
. of stars at Z. Figure 6 shows to what extent th‘Lis‘ is a valid approxi-
mation for the pion beam we have used in our experiments to date.
The density of stars is shown as a function of depth through the .star_
region. The fraction of energy deposited by a star is shown as a
function of distance from the star center, which is placed arbitrarily
near the center of the star region. It is seen that within 6 mm, 80%
of the star energy has beenvdepo‘sited. Over such a distance, the star
density can be considered as varying linearly.

Substituting Eqs. 2A and 4A into 3A, and integrating over dA,

we have

o E R(E ) -R(E) |
- max 0 dJ .
J(ZE) = p(ZyE : fo HE.O dr dE .. (5A)

We note that the -rz factors cancel. This is simply a result of the

fact that although the flux thro'ugh a unit area from a source falls as
2 L |

1/r“, the number of sources on a spherical shell increases as rz.

Also, the term involving the linear variation of the density vanishes,
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since
T

f co.sesined6=0..‘
0

The upper lifnit for r in Eq. 5A is explai"ned in Fig. 7.. ‘R(E) denotes

the range éf 2 particle with energy E. For stars further than R(Eo) -R(E)
from the point of interest, the particle with initial energy Eo could not
reach the point with energy E or greater and so should not be included

in J(ZE). This upper lirﬁit, then, corresponds to those particles

which arrive at the point of interest with energy E.

Integration over dr yields

‘ Emax az
I(E) = p(Z>'[E R(E) - R(E)] g _d4E,. (64)

The differential spectrum dJ/dE is obtained by differentiating Eq. 6A

with respect to E, yielding, in'absolute value,
sy Emax : . o

4T = p(Z) f <N : :

x® Y e ®, o - 4
Here we have made use of the well-known relationship

4 x .

= f £(y) dy = £(x),

: a

and the fact that

dR(E) . _ ,1'
—aE T T
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II. Summary of the Technique for Estimating the Neutron Contribution

in the Bragg Peak

The neutron differential energy spectrum from the pion-oxygen
interactions was takeh as the interpoléted curve given in Fowler's
paper (2). Depth-dose curves for wide parallel monoenergetic neutron
beams with slab geometry were Qeighted according to the neutron
spectrum to yield a depth-dose curve corresponding to the neutron

spectrum from a pion star. That is,
| ag’ Az )
D(r) = f D(E , 1) HE_O\ dEo/ja'E'o dE , (B:l,).

, ' 2 .
where D(r) = the dose per neutron/cm” at a distance r,

D(EO, r) = the neutron dose per incident neutron/cm of initial

energy E'0 at a distance r,

- = the differential energy spectrum of neutrons from
a star, D(Eo, r) were obtained from the work of Snyder and Neufeld

(11) and Zerby and Kinney (42). The above expression is for a parallel

“beam incident on a semi-infinite slab of tissue. Since the neutrons of

interest here have rather high energies (average energy = 23.MeV),
we assume that a ﬁegligible nufnbef leave the slab in a directioﬁ
opposite to the incident beam direction. We can _the'n aséume that
from a point source (i.e., a pion staf) the dose will>fall off as "l/rz

times the above function D(r), that is,

£(r) = -

3 ,  D(r) rads/star. o (B2)
4rmr ‘ ' :

Here f(r) is the rads per star deposited by neutrons at a distance r

from the star. . The factor of three arises because three neutrons on
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the average are emitted per star. The final expression for the central

axis dose at point Z is given by

D(Z):%j[[ olx, v, 2) 221 axaydz,  (B3)
- - |

where p(x,vy,2) is the density of stars, number per unit volume at the
point (x,v,2), and r is the distance from the volume element to the
dosé point at Z. The irariation of the density along z was assumed to‘
be that shown in Fig. 4. The variations along x and y were chosén to
be iaentical and éymmetrical. The initial beam was aséumed ‘unilform
and square in shape with a width of 8 cm. It was theﬁ assumed that
the; beam spread out due to multiple scattering. The points of arrest
of the pions, and so the density of pions stars, were described in the
stopping regién by a sirﬁpliﬁed theory of multiple scattering wh‘erAe
('J./pﬁ.)2 can be written to a good approXimation as K R—-k, where K aﬁd
k are constants and R is the residual range of the pion {see the appen-
dix of (1), for example]. We have usied K=1.86 X *10“3 and k = 1.40.
The spread of one Aelement of the beam is a Gaussian dist;ibuﬁon in
this case with a standard deviatio‘nvi.65 cm. Thus, an appr.oximation '
of the three-dimensional distribuf';ion of pioh stars could be constructed.
The resultant dénsity as well as the D(r) function were known only
numericall);-';' therefore, a numerical’ integré,tion of Eq. B3 was per-
formed. A computer program was deve.loped for the CDC 6600 to
perforrﬁ the integration. The main feature of this program was a
sliding interval size such that negligible error was introduced at

small r, where 1/r2 is large.
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‘Calculations were made every 2 cm through the star region
except near the center, where values were computed every 1/3 cm.
The results are shown in Fig. 8, and are also indicated on the Bragg

curve in Fig. 2.
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Table I. Percentage contribution of various partlcles to the dose at
' the maximum of the dose curve.

Contaminated beam

Particle Pure beam (107 muons, 25% elec-
type ' (no electrons or muons) trons in incidént beam)
Percent contribution
Protons . ' - 33 28
. He ions . 14 ' o 12
7Li ions - ' v 2 2
126 ions . 9 ' 8
Neutrons 7 6
Pions v 35 , o 30
(not yet stopped)
Electrons , —_— 10
Muons o ' D — 4

Beam Conditions: 419045 MeV/c - momentum beam in water
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FIGURE LEGENDS.‘

Fig. 1. vThe: dE/dx diétribution of a contaminated negative pion beé.m
| a# 25.5 cm of water in the Bragg peak region calculated for an
JIncident Gaussianly distributed momeﬁtum distribution 190 = 5 MeV/c. _

" The contribution of each component is shown. The beam was assumed
to be composed initially of 65% pions, 25% electrons, and 10% muons. -
The ordinaté is in MeV per gram per logarithmic interval of dE/dx
per incident pion/cmz.

ffig. 2. A normalized central-axis depth-dose curve in water for a
pure negative pion beam of incident momentum 4190 £ 5 MeV/c. The

: ad_ditional contribution of dose in the peak region due. to the pion |
-interactions or stars is indicated.

Fig. 3. A normalized central-axis depth-dose curve in water for a

confaminated beam of negative pions of incident momentum 4190 + 5
"MeV/c. The contributions from the contaminant particles are
indicated.

Fig. 4. The relative density of stopping pions of 190 + 5 MeV/c in
water as a function of depth throqgh the stopping région. The points
denote results from the computer program. The solid curve is a
Gaussian fit with a standard deviation of 1.6 cm.

Fig. 5. Comparison of the calculated Bragg curve (Fig. 3) with
experimental résults obtained with a lithium-drifted silicon de-
tector in a water phantom.

Fig. 6. The fraction of energy deposited by a single pion star inside _

a given distance plotted against’diétahce from the star. The

L
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' variation of the density of stopping pions (star density) is plotted
through the peak of the star i‘egion for comp‘afison,

Fig. 7. Explanation of the upper limit of integré.tion over r. R(E)
denotes the raﬁge of a particle with energy‘E. The "point of interest"
is the point where the dose is being calculated. Only those particles

I, of initj.ia.l energy E0 which are emitf:ed closer to the dose point than
R(Eo) - R(E) will reach it with energy greater than E.

Fig. 8. Neutron contribution to the dose as a function of depth in
water.for the negative‘pibon beam described in the text. The dose is

- normalized to the incident contaminated beam dose and is also

v .plotted in Fig. 2.



-29- _ UCRL-17606

10? T ; — T
25.5 cm of water ' P, =190 5 MeV/c
c'z .
ELECTRONS
10+~ MUONS

\PIONS\/

T
\\\\\\E\\ :‘:::‘%‘?%\
N
\ 'vp“‘ XX
{. \

Li?

Energy deposition per log interval of dE/dx -

10* , e

dE/dX,» Me\/_Cm2/g



Depth to entrance dose ratio

N

u—

-30-

“"STARS"”

Py =190 £5 MeV/c

Centimeters of water

Fig. 2.

- 40

XBL 674-1369

UCRL-17606




“34- - UCRL-17606

T T

30

10 20

o
- Centimeters of water
DBL 673-1580

- Fig. 3. o




Density of stopping pions, number/cm®

o
N)

e

(@)

-32- - | ' UCRL-17606

L ® Calculated values from computer program
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This report was prepared as an account of Government

"sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,

or for damages resulting from the use of any infor-
mation, apparatus, method, or process.disclosed in
this report.

.As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his_employment or contract
with the Commission, or his employment with such contractor.








