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Dommetry of m Mesons Us1ng Silicon Detectors
and Plastic Scintillators

M. R. Raju, E. Lampo, S. B. Curtis, and C. Richman

Lawrence Radiation Laboratory, University of California,
Berkeley, California and University of Texas at Dallas

- June 1970

Abst‘ract ‘The dos1metry of both at and . beams, with
use of semiconductor detectors and plas’clc sc1nt111ators,
is described. Depth-dose distributions, isodose distribu-
tions.,. and integral and differential range curves are pre-
sentea By use of a time-of—flight system the doeimetric
' 1nformat10n for a pure pion beam is obta1ned The muon

' and electron contamlnatlon reduce the peak-to- plateau
rat1o._ Pion beams of low eneegy give better depth-dose
distributions. Nearly 50% of the dose at the peak of the
‘depth-dose distribution of a 7~ beam is found to be due to

nuclear events.

1. Introduetion

'I'he dose delivered by monoenergetic heavy charged particles
asvthey pass through matter rises to a sharp maximum near the end
of the range known as the Bragg peak. In addition when the T me-
sons stop in the medium, they are captured by the consti_tuent nuclei.
The captured nuclei explode into short-range and heavily ionizing frag-
ments, Whlch enhance the dose at the peak.:. ThlS may have a radio-

therapeutic apphca’clon becausethese highlyi 1on1z1ng fragments are
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expecfad to be more effective than conventmnal rad1at1on in k1111ng

hypox1c cells in a tunwaur. This idea was 1nforma11y suggested by a
few people, including one of the authors (C R. ), as early as 1952, but
detailed ’calculatlons. by Fowler and Perk1ns (19_6'1) generated he1_ght-
~ ened iritere.sf in the \‘J.SG‘Of w-’vmesons for .f'adiothe-f"ava-z BioPhYSical
experiments have been carried out in this Labo,‘.rva'tory over'the_last |
six yeavrsﬂ.(Raju, Aceto, and Richrﬁan 1965,' Rivchm'anv, Aceto, Raju,
and Schwartz 1966, R.aJu, Lampo, Curtis, Sperinde, and Richman
1967a, RaJu, R1chman, and Curt1s 1967b Curtis and RaJu 1968, R1ch-
man, RaJu, and Schvvarté 1967, Loughman, Feola, Ra_]u, and W1nche11
1968, Feela, Richrhan,I Rvaju,. Curtie, and Lawrence 1968, Raju, Amer,
Gnanapuran1, and Rlchman 1969) Sorné physical measurerﬁen’cs vérere
also made at CERN Smtzerland and at Brookhaven Nat1ona1 Labora—
tory (Fowler and Mayes 1967, Goebel 1966 Baa.rh 1967 Su111van and
Ba.arh 1968 T1s1_]ar Lentuhs 1966). o
This paper describes the techmque'usedj and the results obf>phys-

"ical measurements of pion beams uSing'_serhiconductor .deteetors and
plastic scintillators. ~ Semiconductor detectors are used to ineasure
the number of pions as well as the -energy deposited in them as a func-
tion o.f absorber thickness. The energy deposition in silicon.is pro-
pdrtidha_l*f:o the dose and it ie referred to as l'fdose. " In these mea-
surements we are interested rhainly in relative dose measureme.n.ts- _
as a function' of depth and ionization density over the peak region..
Plastic scintillators are used to obtain infe'gre.l and differential range
curves of pions by counting the number of pions. Plas.tikc‘sc.intvillators

are not suitable for measuring energy deposition because of their non-
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linear response at high LET.

2. Pr.ociuc':tion\ of Pion Beams

Piéns can be produced in a nuclear intelraétion if the -ehergy of
the pri;’n’a?r;? particle is sufficient to create a pibn (rest-mass ~ 1.40  _
MeV) aﬁd_also satisfy enérgy and mome‘nt_urn consérvation. They are
generarllyproduced by a’vprimary beam of protons. Our experiments
at i3erk_rve1eyv are carried out at the 184-inch syn»ch‘r.ioccyclotron.. This
- macl’ﬁne provides én ac.cvelerated béam of 732-Mev protons that
strike é 5-cm-thick beryllium target in their out_e.:vr orbit and produce
neutral, posi't'i.ve,' and negafive pions. The experivmental"arran.gement _
is shown in Fig. 1. The m~ are deflecfe_d’out of the cyclofron by the
cyciotron ffinge field, 'énd after leaving the cyclotron tank through a
winddw? enter a small quadrupole focusing maghet_ (meson quad), then
travel along a channel (dashed line in figi 1) through the main cyclotron
shikdding (hatched areé,). The pions then e.nter the meson éave, where
various arrangements of magnets are used for energy sélection and
for focusing the beam. A bending magnet is used for momentum selec-
. tiom. The cyclotron produces pions in a range of energies_ from 0 to
about 450 MeV (the ﬁpper limit being determined by the energy of the
primary protbn beam). To change from a 7 beain to a nt beam, all
the magnetic fields, incluciing that of the cyclotron, are rever sed. The
magnetic-lens system remains unchanged for p{ons of the same energy,
regardleés of charge.
Neutral pions have a very short lifetimé, = '10-'16 s‘ec, and decay

into two y rays in the target. The y rays are converted into electron-



4 © UCRL-19340 Rev.

positron ‘I.)éirs that go mainly in the forward direction. The ve.lectrons
with the éame mofnentu;n as pions selected by the v.bendi‘ng' mégnet c‘:on‘-.
stitute electron background in the beam.
Charged pions have a mean life of 2.54% 10 -8 sec. Hence some
of them deg:a.y in flight into muons, and this consfcltutes the muon back-
ground 1n a pion beam. . |
'The presently a_vai»lable « beam:s are too iow in inter_lsiity for ther-
apeutié applicatio_ns.g< The pion beam at the 1_.84:-inch synchrocyclotron
a£ Berkele-y is .the.most intenée, 'be.iﬁgv 106 particles‘/sec. In terms of
dose i‘at"e; it 1s = 0.5 ra.d/nﬁn over an area of 3X5 cmz. With such a

beam, however, physical measurements can be carried out quite well.

3. _Egperimental Technique

The characteristics of the pion beam as 11: passés through an ab-
sorBing medium of Lucite, and the energy distribution‘of - sstarsiin
silicon o.fvbtained by using lithium-drifted silicbn detecfors, 'have been re -
ported (R'éju, Aceto, and; Richman 1965). The energies depositéd in the
detecto‘rl'_‘w‘here pimns stop and produce stars hé§¢ been found to extend |
beyond '60: MeV. The siligbn nucleus with its mass number 28 has a-
p_article' st.ructure, and hence the nuclear interaction when 7 mesons
stop in silicon may not be sig:ﬁﬁcantly different from that in other alpha-
structure nuclei, such as carbon and oxygen, the main constituents of

tissue. The depth-dose distribution, as measured by a silicon detector,

Machines that will produce pion intensities nearly two to three orders
of magnitude higher than the one presently available are under construc-
tioniat Tios  Alames-Scientific Laboratory; Vancouver, Canada; and
Zurlch Switzerland.
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is in goéd agreement with the calculated depthv'dos'e. based on stopping
©~ meson interactions in oxygen (Curtis and RaJu 1968).

The dose can be measured by 1ntegrat1ng the charge liberated in

‘the detector by ionizing radiations such as x and v rays if the leakage

current of the detector is annulled by using a balanc1ng circuit (see
Bailey and Kramer 19 64) . With energet1c cha-rged particles, howeAver‘,;
rad1at10n da.mage prevents their use particulé.rly at high beam intensi-
ties. | The léak‘age cur.rent of the lithium-drifted detectors is a few
microamperes (depending on their thickness), and this current is quite
compara_.bie_ to the current gexfierated in the detecf’or due td pions passing
througﬁ 1t In the present applicat.ion the problem of leakage current is
a'lleviat'edr by accepting only the ac ijulses. ‘ Th_ehp‘ion beam intensity is
not high.ér;ough to cause significant: radiation damage.

The charge liberated in the lithium-drifted silicon detector is di- |
rectly proportional to the ‘energy deposited by thé-ré.diaﬁon. A chaggeQ
sensitive preamplifier yields a voltage‘pulse propartiénal to the energy
depositedvin the detector, and thése pulses are further varnbplified by a
main a.tnplifier. ﬂ | |

In our previous work, ‘the amplifier output was 1ntegrated by usmg
an analogue integrator (Raju, La.rnpo, Curtis, Sper1nde, and Richman
19673,). -The ac character of the signal necessitated the use of a polarity-
clipping circuit (i.e., correcting the nega\tive overshoot) before integra-
tion. This system had a linear energy range Q_f 100 to 1. Pion beams
are always proauced with muon and electron cc_)nt.aminati_on.: For a bean:q
of momépturn 190 MeV/c, the most probable energy losses--in a 3-mm

detector, for example--are 1 MeV by the electrons and 1.2 MeV by the

|
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p1ons the’ euergy lost by the muons is 1ntermed1ate between these val-
ues (Ra_]u,_ Aceto, and Richman 1965). There is cons&ilbrable spread
in energy'l‘es ses due to Laudau fluctuations (Lahdau 1944, Maccabee,
Raju, and Toblas 1968). At the end of the range the pions stop and pro-
duce stars, thereby depos1t1ng energies in the detector sometimes ex-
ceed1ng,60 MeV (Raju, Aceto, and R1ch.rnan 1965). 'I‘hese high energy
stars can be observed even with thin 1ithiuzn-drift;ed silicon detectore '
(e.g., 1 mrh) becauee_'a considerable vp-ortion of :th'e staf energy is de-
posited i'o‘cally.v . Further, the .us/e of a fhih Adetectovr .i;s advantagevous‘for
dose meé’surements, eepecia'liy ir_lhthe éion- stopping region, since this
region co_uld be small, fof a narrow momentum spread of the é?imary
™ beam. However, in the re'giou where the pion beam enters the me-
dium (usueily called the piateau region), the enefg.y depositien in a thin
det_ecfor is smmll and this necessitates system .liuearity over a wide.r'
energy rauge. In our previous work, the linee,rl range wes only of the -
order of 100-fold which is not sufficient for the use of a imm thick de-
tector. We were therefore fesfricfed to using a 31—rn_m'-thick detector.
The 1i:nearity of the system has been improired considerably by
changlng to digital processing, using a 4096- cha.nnel analog-to-digital
converter (ADC). The output of the linear- gated amplifier is stretched -
for corupatibility before being fed to the ADC. The ADC translates the
signal ampiitude to a channel number of a 12-bit binary nufnber. This
code is fed to a digital on-line computer, which processes and stores
the total number of particles and the total enefgy. In addition, the com-
puter is also progra.mmed to print out the pulse -height Spectrum | The

block diagram of the overall system is shown in fig. 2. A pulse gen-



-7- "~ UCRL-19340 Rev.

erator is used to calibrate' the system and to check system linearity |

Our pru‘nary " beam is contaminated w1th 25% electrons and
10% muons - Since the sem1conductor detector system is fast and mea-
sures th'e "»'dose” due to each part1c1e, it is possible to measure the
"dose'" due to plons only, 1f the muons and electrons are resolved from:
the p1ons by us1ng a time-of- flight system and gat1ng the sem1conductor
detector system with the signal due to pions only. "

The tirhe-of-ﬂight system. (TOF) measures 'the time each beam
particle t’al;e_s to travel a fixed distance. Because of space restrictions
this 1ength was only 17 feet in our system; increasing the path length
would lmbrove the resolution of the system. A plast1c scintillation
counter is. placed at each end of the flight path Lna contam1nated pion
beam of a glven momenturn, muons and electrons travel faster than
pions. 'I'he veloc1ty spectruIn of the part1c1es; as exbressed by the

.t1me delay between the two sc1nt111at1on counter pulses, is processed
via a tlme-to-pulse-he1ght conyerter. The TO_F_ pulse sPectra ‘which
gate the semiconductor system for the contaminated and pure beams of
m~ mesons, and the TOF pion signal, are shown irl-fig. 3.

The 'lithium-drifted sikicon detector, housed ih an electri.cally

- shielded Lucite box, can be remotely positioned in three axes ln a water

phantom The data from the sem1conductor detector are 'accumulated in
the computer during the time it takes the monitor sc1nt111ator system to
accunr_mlate a fixed nurnber of counts. Data are thus collected for each
positiorx of the detector in the water iphantom. |

Irl addition to the semiconductor detector system, plasti.c scintil-_- R

. lators provide fast coincidence and anticoincidence gating in conjunction
- b Lo

¥
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with the TOF system furnishing gating signals ‘fol"-obta.ining’ integral
range curves (number-distance curves) and differential range curves
.(nurnbe‘:r.’s_ of perticle_s stopped as a function of:'ab._svorbver thickness). The
block clviavgra»m of such a setup is shown in fig. 4 | ‘Triple coincidence
counts between plastlc sc1nt1llators 1 2 and 3 as a functmn of absorber
thickness (norxnahzed by the number of co1nc1dence between 1 and 2)
yield the nurnber-versus~dlstance curve. Normahzed tr1ple coinci-
dence be_t:vx:/een 1, 2 and 3 but.tvith counter 4 in evntico-incidence, produce
the differ'ential range curve. Integral and dif.f.’er_entia;lrange information
for "p‘ﬁfg" Pion beams was obtained by employ’ing“ the TOF syetem. |

' Th‘_e;"cyclotron is pulsed 64 tirnes.perv ‘seco_‘nd', thus producing 64
coarse g.r‘:oops of pions per s'econcl The mode 'of cjfclotron operation can
be controlled so that these groups of pions are spread out over either of

two per1ods The ""'short-spill" mode Spllls the beam over a permd of

: approxmately 400 psec. It is also poss1b1e (by use of the auxiliary dee

mechamsrn of the cyclotron) to spread each group of pions over a longer
period of 8 to 10 msec. Even in this mode, roughly half of the totalvbeam'
a;rrivesv'duri‘ng the first 400 psec, producing a.'spike of beam intensity,
and the remainder is stretched over 8 to 10 msec (Vale 1969) We use
the stretched beam and gate off the system durmg the spike to prevent |
overload1ng of the electronic system, and ther_eby avoid the 'nonl1near1t1es
thet coulcl'occur from saturation.

B‘ecau's_e of beam-intensity fluctuations, two plastic scintillators
conne_ctecl in:c‘oincidence are used to monitor the beam (see fig. 2).‘
The integral and differential counts are collected during a preset number
‘of mon"itorlcounts, to normalize all measurements so that beam intensity

fluctuations are unimportant.
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4.» Res.;iits_-and biscussion
4.1, "Dés’éﬁ and number of particles as a func;t'io'nlof depth in'. water

'Théi_jpulse'height from the sémi»éondvuctor‘ d.et,‘ecto,r:s 1s liinearv
with th_é energy 'depositec‘l‘in them, up to an inve“'s.i‘;igate.cll eﬁergy of
-about ZOO‘I,MeV (Lyman 1965). The energy depoSiﬁons involved in

negative bion interactions are within this investigated energy region.
The linearity of the semiconductor detector elecfrdnic system (includ-
~ ing ADC) is checked with a calibrated pulser, and the system is found
to be liiiear fréni 0.418 fo 50 MeV. The energy thr_éshold is set at 0.15
MeV, thereby limiting measurement to energy ‘depos'itions above this |
: v'alue; .Th.:e'r.a;ng.e of lihéafity can be Wé‘h&éd@bﬁa’,gﬂguﬂigg‘ }t'hegg"azin'.xin.
the n.q.ain.%_amplifi'er. This linear range is adqua,té for the detectdr -
thickﬁegées (1 to 3 mm) used in the prnmmgzim‘zesti@mmn«.s

By‘r-rieasuring the intensity of pigné in a wé.fer containeriwithtv)ut
water in it, the béaxﬁ used is found to be slightiy'vd‘iver'g'evnt. ‘Th_e iin'-
tensity of the beam in air at ehpapdlsiitibnim‘whe%re;.p_i‘onst,stop;vah‘d_p\r'bduce
stars in water is found to be 15% less than atv.-the point of entrance,
due‘tb this divergence in the initial beam.

‘The depth-''dose' distribution of 7~ mesons:i's measured by using
lithium-drifted silicon detectors 1, ’2,, and 3 mm thick to determine
which detector is most suitable for such measurements. The ratios of
‘ the 'dose'" at the peak to that at th—e—---e-ntr-a»nceifo-r-fthé three detectors ‘
are found to be the same within the experime’ﬁ_tél accuracy. In addition,
the ene_fgy deposited per m at the peak regioh is also found to be pro-

. portional to the thickness of the detector. T};ese results indicate that

the piO‘n stars deposit energy over a finite range: comparable to the -
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' thick.ne's.s_ets of the détec'tc;rs used.

Fo_'1; the rest of the measurements; a 1ithiuz‘n—vdrifted- silicon dé-
tector ZInrn thick is used. As mentioned earlié?, the computer print-
out gives the tot_‘.al n_u.mbér of'pai‘ticlés passihg fhrdugh the detector as
we:ll as the:."total energy deposited by them. When the semiconductor
detector system is gated By the TOF pion signal, dé_,ta for essentially
pure # mes ons (without the muon and electron contamination) are ob-
tained.v "The plots of the tota;l number of particles éas sing thréugh the
detectbf and the total energy deposited By therﬁ as a fuhction of depth‘ B
in absorber (water) give the integral range (also v’called nurn‘ber-vdistance)
and the depth ”dose".curve‘s‘ resbectiveiy. Figure 5 shows such curves,
both for contaminated and for pure w meson beaé’ns of energy 65 MeV
for the serﬁicovnduc.tor dve’cector.

Meésurementé are taken for a ' beam fér comparison with the
m” results. Positive pions with the same momentum as ™~ mesons
can .be proauced by reversing the polarityvof the whole r‘nagﬁetic sys—v
tem, inéluding the field of the 'C);clotron. |

'I‘I‘vle.‘char.éc‘teristic difference in interaction between 7' and T
mesons is at the ends of their ranges. When the ‘n'+ meson cbmes to
rest in a medium, the Coulomb repulsion keeps it from being captured
in an“ atbfnic orbit. Instead, it decays into a muon with an ermrgy of 4
MeV, wh';ch then decays into a positron with an energy distribution
'peaking. around 30 MeV. Hence at the end of the range, the nt does not
add mﬁch to the dose except for a small contribution due to the muon
and positron. |

Thé electron contamination in a 1r+-meson beam is only around

10%, compared with 25% for a ™ -meson beam, whereas the muon
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contai'ninefion'is the same for both the beams. If a depth-"dose” dis-
'tr1but1on$aof pure betmswtfm and T mesons, obtamed by using the
TOF ganng of the sem1conductor detector system, are compared the
d1fference can be attrlbuted to the star events from w capture, ex-
cept for the small contr1but1on due to muons and positrons resu1t1ng
from the_ .'n_'__f:decay. N
In order to evaluate the ”do'ée.“ contriibution} due.to ™~ stars, the
depth-!l&o’se" dis.tfibutions of pufe T - and ﬂ+;rrieson beams of energy
65 Mev:i'n water are measured; they are shewﬁ in fig. 6.
4.2 Differ_ential :and integfal_ ”dose'% distribu’cion
| Tllle‘di‘fferentiai '""dose'' distributions are computed from the mea;.
sured p.ulse-hveight' distribution at any pdint The differential '"dose
d1str1but1on gives the d1str1but1on of energy deposfaons in the detector
as a function of energy and the 1ntergra1 "dose'’ distribution gives the
total energy deposited in depositions greatervthan a particular energy.‘
The differential and percent integral ""dose'' distributions at the peak of
the "~ depth-"dose" curve are shown in fig. 7. '-.V"I'he'energy of a pion
that has a range of 2 mm of silicon, the detector thickness used,' is
about 8 MeV. Hence energy depositions greater than 8 MeV are due to
star events. ;. As cansbb seen .fron'i the differential '"dose'" distribution,
the area under the curve over an energy range of 0 to 8 MeV abprox-
imates the area under the curve above 8 MeV. Hence the ''dose' con-
-tribution due te star events is about half of the total dose at'the peak
region of a depth-'"dose'' distribution for a w—_COﬁtaminated beam. The
peak at 50 MeV in differential "dose"vdistribution is a saturation effect;

any event depositing energies greater than 50 MeV is counted as 50 MeV.
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| Siinilarly, from the plot of the‘ percent in‘te‘greel ""dose' distri—
bution it ‘i“s»'_seen that the fraction of the dose due to energy depositions
greater than 8 MeV--i. e., from the s'tars.--is: abeut 45% of the total.

| The normavli‘zed‘ integral_ "aese" distributioh for pion beams a1v:v '
variousfdep‘thvs are shown in fig.' 8. 'Thei t§vo énrve'e for the w~ bea.rn
‘correspo.x‘ldi‘ng to the peak and ha‘.lfway: down the.vfalling portion (trailing |
edge)»of .t‘l.le depthﬁ"dose'.' distribﬁtion are similar, thereby ehowing
that theibgiz:aﬁaon density at the peak and thereafter is about the sa,tﬁe‘.
On the other hana,_ the curve corresponding to the po’intbhé,lfwa;y up the
rising"bei‘tion (leading edge) of the 'depth-’ﬁdese” curve falls. below the
other two eur\fes, The ieniz'ati‘on density at fhis point is consi'derably :
less. T-his‘ is »expeeted because the 'rr; mesens_ 'mal.dng st'ai's at and be-v.
yond the(p.eak of the depth-”dos.e"' curve have to pass this point and |
hence.depeSit energy of lower ionization density. The "dose" fractions
due to the vstar events vin pure and contaminated 7~ beam are 55 ahd:45
percent respevctively. In the w' beam at the peak of the depth-;"dose" ‘
eurve, the ""dose'" fraction greater than 10 Me'V:isi_.very s;nall.' The
eontribution above 8 MeV is due to the additi.onval‘ energy deposition
from p+'.ahd e+'é.rising froym the decay of nt near the end of the range.
4.3 Isodose contours |

Isodose contours give a much clearer picture of the spatial dose

distribu’ﬁ_on. Such curves can be constructed from a series. of beam
profiles teken in water at various depths. Fi.gu-.x.'es' 9 thrbugh 12 show
such isodose contours for contaminated as weii as for pure nt and 7"
beams of energy 65 MeV. .The distortion of the .isodose:.con~ -

tours is due to a slight nonuniformity in particle momentum laterally
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across the ‘beam.
4.4 Depth-"dose” distribution of 90 MeV and 65 MeV L
beams in Lucite -

To m1n1mlze the effect of the d1vergence of the beam on the |
depth dose.distrib'ution, the detector position was ﬁxed and the thick-
ness of the Lucite absorber ‘varied.. ~ With the sa.me set‘up,‘ the data for
integfal and differential range curves when plastlc scintillators were
used was also o’hta1ned and are presented in the next sect1on Figure
13 ehows the energy depos1t1on in s111con as a functmn of depth in
Luc1te_-=‘for contammated as well as ‘pure T bea.ms of energies 65 and
90 MeV. It cen be seendthat foi‘ the pure 90-MeV m~ beefn,' the ""dose'
at the peak is not S1gn1f1cant1y d1fferent from the contamlnated beam
- when compared w1th 65- MeV bea.rn This is because of less contam1ne-~ |
tion in the 90-MeV w~ beam. The lower value of the peak-to-pha_teau
‘ratio for the highv energy‘beam is.v'rn‘ainlvy due to _l‘oss of particles hy nu-
clear attenuation and multiple scatfelfing befdvl;ev reaching the end of the
range. |
4.5. Measurements of differential and integral

range curves with plastic scintillators |

Differential and inteéra.l range curves were obtained with the
plastic scintillator counter array. Plastic .scihtillators: Aare very com;
monly used in high energy physics for such measureme‘nts.- The
block Ad.ia;g_x'am of the scintillation counter systems for obta.iriing these
curves simultaneously with the semiconductor detector system is
shown 1n fig. 4. The integral range curves obtaihed with both the sys-

tems are found to be the same. The differential range curves--i.e.,
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the r;mﬁ'bé.#.’of pal;;cic‘le's stOpping in the Countef 3 aé a function of
Lﬁcite‘:ab»svdzrber thickness for pufe and 'contam'i-r‘la_‘fed 90-MeV and 65-
hdeV’ﬁfbBéahns-—are'shovu1ih:ﬁg. 14. Such cufﬁés are véry useful
iﬁ detérrnining the depth atybhicllfnést of the pariiéléé stbp._‘ o
5. ’Conclﬁ's_vi’ons | | | | |

Thi's_ series of experiments demonstrate thei complexities in
providing adequafe dosimetric informétioﬁ for pion beams. In addition:
to _fhe \'r.ari.‘ation of dose With Adepth? there are significant differencesin
the qu‘ality of dose. Contamination not only red‘u'ce.s the peak-to-plateau
ratio,"b'ut_alzso inc’:f'ea‘se.s the fela&iire contributi_oh.ovf dose due to low-
vIv_JET szbtd_iati‘o_nb.v Low—ene_rg& T be‘ams give higher peak-tov—plateau
ratios. | |
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FIGURE LEGENDS

Fig. 1. '.‘.Experimerital arrangement for f)roducing a 7 beam.
, F_‘ig; 2 Block .diagram 'of the semicoriductor ‘s-etﬁp.

~ Fig. 3 .':.Tirne-_o_f-ﬂight spectrﬁxn of vv-'bea.m:-, ‘

o contaminated beam. -

) 'p1on spectrum used to gate the sem1conductor detector and
plastic sc1nt111ators. :

Fig. 4.‘  ',Blo_ck_ »d1'agvra.m of the plastic scintilla.,t:onr sefup used to mea-
eur_e integllfel aﬁd dif_fereﬁti_al 1_'a..nge' curves.
Fig. 5 Numberv-distance (integ;ai range) c.:u'.vrves_ and depth-."'dose”
. dlstr1but1on of 65-MeV 1~ beam in water: |
O pure pien beam, '
o eeqtaminated beam. _ .
Fig. 6. .Depth.-”aose" distribution of 65-Mer1r-‘_'band nt pure b_e.a.msb
in water.. | - |
Fig. 7.. bifferential and integral ''dose" ‘distri'bution at the peak of
‘the 65-MeV contaminated 7~ beam:
o integral dose distfibution,
a. differehtial dose distribution.
Fig. 8 “The 1ntegra1 "dose” d1str1but1on for pion beame at different
| pomts of the depth-'"dose" distribution:
o at the peak of the depth-''dose" distribution for a purew bearﬁ,

® at the peak of the depthv-"dose" distribution for a contam1na.ted
T beam,

» halfway up the leading edge of the Bragg peak for a contam-
' 1nated m™ beam,



Fig.
v1.7‘ig..
Fig.
Fig.

Fig.

Fig.
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O _'halfway down the tra1hng edge of the Bragg peak for a
'contammated ' beazn, , ,

A at the peak of the depth-"dose" dlstmbutmn for a contam-
1nated ™' beam. . : : : : 3

9, .V_Isodose distribution of aA 65-‘MeV 1'r+"bea'ih (eontaminated).'

10. iéodose distribution of a 65-MeV' 1r+ beam (pure)

11. -Isodose d1str1but10n of a 65- MeV " beam (contam1nated)

_12-. vIsodose d1str1but10n ofa 65 MeV n° beanl (pure)

13. v_'Depth "dose" d1str1but10n of 65 MeV and 90-MeV 7~ beams

“in Lucite: :

o pure,
| contaminated

14 D1fferent1a1 range curves for 65 MeV and 9(’:) MeV 7~ beams,

. obtamed by usmg plast1c sc1nt111ators

o pure

[J. contaminated.
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Relative energy deposition in silicon
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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