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ABSTRACT

Silicon semiconductor detector systems were used to measure
the energy deposition spectra of 240 -MeéV/nucleon oxygen ion beams at

the Bevatron of Lawrence Berkeley Laboratory. The results are useful

forfdesé rmlnlngl‘the (c@mp'o*s itionio fhthe) beam bbefore: za,nduafte ripassing’
M\,«-( Al """*/ :j,‘-’"“""--t...._-—-—'—-—"""‘ e P ﬂf’

through varying thicknesses of water absorber. $In particular, con- 7}
Wb——f P e T Y ':;ﬂ-"'
tamination of the- 1nc1dent(oxygLem\beam‘be carbon itonstonsthe- orderr 3 }
= — "“"‘""\--\___..o&‘-}-'\-—v /
of 1% was detected and resolved. Secondary particles due to nuclear

fragmentation in water were identified and quantified. The experimental
estimate of the mean free pé.th of fast oxygen:ions in water is 20 g/cmz,
in agreement with calculations from cosmic ray data and geometric
cross sections.
Key vwoxds:
Heavy ions '
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Fragmentation
.Energy deposition
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Nuclear secondaries
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I. INTRODUCTION
Recently, high-energy‘,,ﬁ"e'asmw-i’oirfi-«beams were produced for the

first time at the Princeton Particle Accelerator and the Bevatron of
www"kruv@fhﬁi’

/——’—\-

the Lawrence Berkeley Laboratory(i)BeBecauS(ef of theirzexd ellent: depth“‘
\‘—-—__—a—“_' T—— e e

dose characteristics, and high LET-values after penetrating to depth.in

tissue, these beams could be very useful in tumor therapy and other
“.’xﬂﬁ’ﬁ"’)’

applications of deep lesion production:in biology and medicine(2)¥«For suchi i

"‘--.4‘

purposes, it is necessary to accurately identify the composition of the
e ST e e
7 7
particle beam, in addition to uCConventﬂonfaﬂill"lC‘do‘?s1me’try”11Lee1‘Ymeasur1ng ioniza-

e T——— et o it e ety AT e
tion. In particular, our goal is to.measure the amount and type of
"' contamination'' of the incident beam (arising at the ion source or from
PR
collisions in the acceleration or beam transport:Systemy),! and to identify
€, - —_ o
and quantify the secondary particles arising from nuclear interactions as
the primary beam penetrates to depth in tissue-like absorbers. This
information can be used to estimate the dose contribution due to con-
tamination and secondaries. These points are significant because there

has been some skepticism in the past about the usefulness of high-energy .

heavy-ion beams, by workers who envisioned an excessive amount of

'

\'censvepsromr_of pr1ma.wrya.beafrr_1a1ntonnon, usefulfsecondarrqafyagfmentsrt 4
-t

. - . L — o -

II. METHOD
We have used the nitrogen and oxygen ion beams developed-in
channel 2 of the Berkeley Bevatron, schematically shown in Fig. 1.

Although the maximum acceleration potential of the machine for these

ey —-—.-‘-b—?‘?‘" n,

T .. e

ek bt~ S S P
ions is ZI:GeVL(per;fnucleonneweahaveausedelower energy‘beamsergy bew = 4
/____ . - \»‘__‘_,-* N e B R

(240 to 280 MeV per nucleon), because these beams have a range suitable

for Bragg-peak irradiation at a depth equivalent to half the thickness of
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the human body. For example, the range of an oxygen-16 ion with
kinetic energy 250 MéV /nucleon is 9.35 cm of water (see appendix). The
lower-energy beams are obtained by extracting the internal beam before
the full acceleration cycle is over. Grunder et al. have given more com-
plete information on the acceleration of heavy ions at the Bevatron (1).
The basic method of studying beam composition is by observation
of the energy-deposition characteristics of the beam component particles
in semiconductor detectors, and combining this information with known
acceleration characteristics and cosmic ray and particle physics data.
In particular, the stopping power of a charged particle with a given
velocity is proportional to the square of the particle charge number. The
bending magnets of the beam transport system serve as velocity selectors
for particles with a fixed charge-to-mass ratio. The charge-to-mass

ratio is 1:2 for many of the ions of interest here (e. g., gHe, 1gB, 120,

1$N, 120, etc. ), and particles are fully ionized at the incident velocities
considered. Thus, for example, if 12C, 14N, and 16O are present in the
ion source, they will be accelerated and transported at the same velocity.
Therefore their specific ionization values will be in the ratio of their
zz—values, and an energy-deposition measurement in a thin detector will
serve to distinguish between them.

The problem of identifying secondary particles after nuclear inter-
actions in an absorber is more difficult, because the velocity of the
secondary is not fixed, and an energy-deposition measurement yields
a value approximately proportional to (zz/ﬁz). Furthermore, different
isotopes with the same charge can result from the collisions, and the

thin-absorber assumption may be violated (i. e. , the particles may be

slowed down such that the increase in stopping power within the detector
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is not negligible). Although it is possible to construct elaborate parti-

cle-identifier "telescope' systems to cope with these problems (3),

we have used a relatively simple approach in these preliminary /t\;c-'i;??
3 .- - - - . - - -~ e . . = .
studiesn base dl@rrlth‘e,r inferencedrom:previous che avy.-ionistudiészavar i

/<

s ot 2

of h1gh-energy heavy-ions result in secondaries that differ very little in

velocity from the primary (4). This has been called the "' AV = 0" approx-
imation, which enables us to obtain useful identification of the charge
numbers of secondaries, with the relatively simple detection system

shown.in Fig. 2. v
e e e
Energy depos1ted=]by:,at(c<har)gedcpa*rtrcleplsr’conveBted1to"ated 1)

e TN e e

- [

charge pulse in the " analyzing' semiconductor detector [3-mm Li-

drifted silicon, in the '"top-hat' configuration (5)12 Although there is
T T iy y
some evidence twsma&l—qu‘\lgfe{._-helghtﬂdef:e‘e.tof:om:slo\gv heavy ,}ons
inrsemiconductoridetectorsnandperhapssai slightishift insthelvalué of.the
- - ee———— T — A ————— e

average energy per hole-electron pair, these corrections are assumed

— -

to be negligible for the fast heavy ions studied here. Thus, the charge
collected is assumed to be directly proportional to the energy deposited.

The pulse is converted by a charge—sensitive preamplifier to a voltage

_.'z:"“———- i

o T
pulse, and”transmittédnyvia @ long (S ableeffomitheiinradiatit onicavel (ch anne. 1'2)

""-Il_‘:':-r/--—— - — T L e——
tozthécbiormedicalicounting woom wherentglsfamp11f1ed1anddshaped 2dIt-is_then
L . — - mi— C,—-/x

+ fedointocac 01nc1dence*and¢11ne arygaters ysterh Whlchaonlypafccepts*lt for: analys1s
- ‘_._-——"\_\_____—--'-.___..__-—— — e e A —‘—-————W

if it is accompanied by another pulse from the ' pile-up'' rejector system.
Pulse pile-up can be a severe problem under Bevatron operating condi-

tions, where 4OX103 heavy ions can be incident in a millisecond @-

spill time, leading to instantaneous rates of 40 MHz. The pile-up \:_ﬁ_ﬁs
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rejector inspects the first 2.5 microseconds after a fast-rising pulse

for a second fast pulse rise, and rejects such a pile-up by not sending

an output pulse to the gate. The '"thin'" detector coincidence requirement
also serves to eliminate pulses due to particles passing through the edges
of ’éhe sensitive region of the analyzing detector (where charge collection
is not uniform) because its sensitive area is smaller. The sensitive dia-
meter of the thin detector is 8 mm, compared to 12 mm for the analyzing
detector, which is centered 1 cm downstream of the thin. Pulses from
particles which are properly aligned and not pile-ups are thus fed into a
400-channel pulse-height analyzer.

Energy calibration of the system is achieved with a standard-
amplitude pulse generator and known radioactive particle sources, by the
usual methods of nuclear spectroscopy. There is some uncertainty here
because of the problem of extrapolation from 8-MeV (natural alpha-particle
sources) to measured energy depositions greater than 200 MeV. Thus, we
also use information from the energy deposition of the known primary
heavy-ion beam, as an internal calibration check.

Energy resolution capability for the system is better than 30-keV
(FWHM), a negligible factor considering that the energy pulses analyzed
are all greater than 3 MeV. The energy resolution has no significant effect
on charge resolution. Dynamic range, however, can be a problem, given
the desire to analyze pulses from 160 ions with energies such that they
have a range of 3 mm in Si (about 800 MeV) as well as pulses from fast
protons depositing only about 4 MeV (a factor of 200). Even for the in-
cidentbeam, with all particles having about the same velocity, adynamic range

of 64 is necessary to account for the difference in 22 betweenprotons and
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.- —— T P =o'
' S — ey .
oxygen.ions. Thus one:mustxmvaaryl:ampllflesnrgaln extensavelydor different .
—— e e~ B

Tl T T ‘e 3
@enmental runs. 2o

~_/\\— —
' III. RESULTS
The experimental data, in the form of counts per channel versus
channel number, are processed with calibration?‘ti‘ﬁffz)ﬂrmation to yield a
plot of the energy-deposition frequency spectrum. Since statistical
error in the absolute value of the peak height is of little interest here,

error bars have not been plotted, and smooth curves have been drawn

through the data points for convenience in distinguishing peaks. The

v"’f - ———
following spectra are results selected from a: rg_limbemofl:experl,.xp 3
—— E e

ments performed on 29 January and 1 February, 1972.

Figure 3 shows the energy deposition frequency spectrum of the
('lf{:l;f;\“dfﬁ?} oxygen ion beam (240 MeV/nucleon) measured in the 3 mm of
silicon (0.7§/cm2) of the analyzing detector, obtained after passage
through the beam pipe exit window,ii)O(cmof air path, and the ' thin"
detector (0.033 g/crn2 Si). There is a prenounced peak at a (mes?
probable) energy deposition of .149 MeV, indicating that oxygen ions
entering the detector at 3.84 GeV total kinetic energy would be exiting
at 3.69 GeV (or about 230.7 MeV/nucleon). This energy deposition cor-

responds well to the calculated value of energy loss of 240 MeV /nucleon

oxygen ions in 0.7 g/c:m2 Si, 147 MéeV, obtained from range tables gen-

—_ ____,

_erated by Bichsel's code (see append1x) is Thelpeakpha;-avgullqw1dth\ AL A P
________\_2-» R - ;=n- PR =

Lat half- rna.x1rnum of 6.7 MéV, and a " ta11” correspondlng to srnaEeIr/-/

| ———— — . _4{' - —

g

energy deposition. There is also a dlst1nct ”bump” centered at energy

deposition 84 MeV. This can be identified as due to carbon ions at the

,_,l":—-.__. —_._-—-"'—’ e W ”‘bﬁ
same velocity as the oxygenflons, s1nce, :at'the same .veloc1ty,»n r*,,; ,.!
e - —

e
e

he pulse;he1ghts W111 be in. the—ratlo of the~ zz values whlch is. ;;;‘,. Tt

°
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36:64 = 0.562, and (0.562) (149 MeV) = 83.8 MeV. This small peak is
g . B I e, Ce SIS )
ass oc: dratéed; (Wlthlthe’?'];c ontarhination wof (thejnomlnahoxygen beamibyicarb on,

— - 'C_"'—-‘" - e L‘—-MW" rv m"—/ ’#- 4‘5'/"’
ariding. fromltliejf/a_g_g_ghaHCOztgas thadubeenzpre sent, qmthe ionthe ion.% - £ 7f
————— ——TNL @

source. The number of counts under the carbon’peaky, when compared
to the number under the oxygen peak,@&tg?ﬁthat the contamination
.amounted to about 1.3% (by number of particles) in this instance.

Figure 4 shows the energy-deposition frequency spectrum in the

same analyzing detector after passing the beam through the exit window,
air path, three ionization chambers, monitor and quadrant scintillators,
the two end windows of the (empty) variable water column, and the ' thin"
detector, such that the residual beam energy is about 216 MeV /nucleon:
The main peak is at a most probable energy deposition of 161 MeV,
indicating that oxygen ions entering the detect.or at 3.46 GeV would be
exiting at 3.30 GeV (or 206 MeV/nucleon). This energy deposition is
consistent with the calculated value, approximately 160 MeV. Now the
events under the carbon%r)are about 2.5% of those under the oxygen

peak, possibly indicating an increase due to carbon ion secondaries

e

Iy o
generated in the absorber materials. There is also a blbump}'mwhmh‘prob-
: bl
ably corresponds to helium ion secondaries generated by nuclear collisions
in the mrateriials; upstream. 7
The experimental conditions for the data in Fig. 5 areZsimilar to
(thoseaabowetw1thathecsubst1tut10n {of twois c1nt111fat1onucounters forgone of ’che

——

—— . e e ~,
e

ionization chambers upstream, but/inthikecasei thé,eva»ni)abﬂl ewater. column has

e N — e P e dj
2 cm of HZO (i.e., 2 g/cmz), and the residual beam energy of ‘the oxy'éen ions

——

/w o — : e
1n01dentxon LtheJanalymngsLdete éto rel s/ab outoh?8 MeVyAnucle onin Ampllfle r gain
.- \.——-—-* —— —:_} d?» C:':--" A e =
(Gre nechannelw number/energyddeposned)ehas <been>reduce<’hby)a factor of 2.0.
- e ™ — = TR
(The rneasured value of the energy depos1t10n (most probable) in theﬂ}
\—W___, e — e —

e
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oxygen ion peak is 180 MéV, compared to a calculated value of 178 MeV.
The peak width is 9.7 MeV (FWHM), and there are: {gi£§9 corresponding
to nitrogen ion secondaries depositing around 139 MeV; carbon ions as
be-fore; some structure probably due to Li, Be, and B ions; a helium
‘{qp@;’ﬂ and a possible proton-&ﬁ%%ﬂ%which is unresolvable due to noise in
the first channel.
Finally, three more cm of HZO are added to the water column (for
a total of 5 g/cmz), and the resulting energy-deposition frequency spec-
trum is shown in Fig.' 6. The main peak from the oxygen ions (calculated'
incident energy, 110 MeéV /nucleon; calculated energy deposition, 260 MeV)
is off scale here, and we concentrate on the bumps due to the lighter
secondaries. The nitrogen peak is now well defined, with a most probable
energy deposition of about 168 MeV, compared to a calculated value of about
175 M€V, obtained with the simplifying assumption that the most probable
nitrogen secondary is generated with an energy of 180 MeV /nucleon at a
depth of 2 cm in the water column and slows down in 3 cm of H,O before
impinging on the detector.
The carbon peak is bimodal, with a sharp edge at most probable
energy deposition 105 MeV, which is associated with the fastest (smallest

PR 7'—.“'7‘7
energy deposition) carbon ions, i.e., the contamination ﬂil'ioi‘nﬁhe source,’
L,

- e P S s

thlchil sy gene rated:at thecsame &velo  cityla: s*ithe primarywoxygefiionsiaC alculatlons
7 - e - e =

@heposﬂuen of the,peak bas edion: th1szas sumptlon‘yleld a&v)aluel,ofiabout 107/MeV

et e _’, so— - ,4-—-_, - O e ————————

/ 47
@m@x1mum 11nlthe‘1broade T, (portlonpoflthetpeakfocc’ur szat 448iMeViy- which

v —~ - 7 VA< ganl - . -— ~ n—{

(id &onsis teﬁtim’ziths axe a‘l éulate dxvalue’ coﬂ 1201 MEViaobtaindd Ay thebap -
t-_—"‘-—?‘: - . -~ J‘\,_—f . -‘\‘ " —— T i T M,} ‘AA( —)
«pr ox1mat10ntthatttheumo stlprobable second*arydshscgenerated 1W1thl‘/;‘f

TR r—— . . " a— e - L T
e = .

@:iiej,%y oft‘180 MeV/nucleonW at a;depth’of 2 cm in® thefwater*' tt.:— ~

&~ o4 3
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{ columncandqslows down, inowarcm ofctz(D I-beforefentermgrthe analyz1ng Y

=

o~ = e T

@ietector. t

The(i)’e’aawhlch is tentatively identified with lithium, berylllum,

o —m S e s - =
(Tand boron secondaries is not rkesolve\d 1nto c:omponentsxbutxha.s,\a'max1mum
F - ’ - — L T
@round.77IMeVa iThére istalsg arnafrowipeakiwhichids 1tentat1ve1y<1dent1f1ed
—E g, T e —— . - T

ascheliumsse condarle s)butli selncompletely,:re solved- from:a darge; Splke (offscale

il T e A = T me——l /"—-_-:—."‘:‘_':—'!\ =
(at 1076 counts in maximum channel) which.is:identified as protons e
- - __,__.._--‘F —— e ——— PR S — P

Discussion

There are several physical phenomena which affect the shapes of
the peaks in the energy-deposition spectra. The most obvious is that of
energy straggling. For the primary ion beam, which is extracted and
transported with a small momentum spread (< 1% ), there are fluctuations
of energy loss in various absorbers 'upstream of the analyzing detector,
leading to variation in the energies of the incident particles. For a given '
incident energy, there is also straggling of enefgy deposition in the de-
tector itself. This effect should be greater than the two previously
mentioned. For example, for a 240-MeV /nucleon oxygen ion passing

through 0.7 g/cm2 Si, one expects the Vavilov parameter kappa to be:

Kk = 0.150 z°s (z/A) [(1- ;3 /;3 Js= 15 9

where s = absorber thickness in g/cm ; see ref. (6) for a discussion

S—— e T g P ar 8
e a,

of straggllngulrn thln(abso'rhg_rr}s‘n 1) (‘,_5) [O Q’4/O 1335] 15.9. :‘
\_'\\i__—-—‘“‘ e 4-7_._//

<= —+ —_Since:the fraction-of kinetic energy loss A T/T “(149)/(16 (240)

kClea.rlv, 'since AT/T = (149)/(16)(240) = 0.039, 'the¢ Bohr solution for '~

= 207039, the Bohr solution-fofr thin absorbers is. valid, with a Gauss1an

absorbers is valid, with a Gaussian energy-loss distribution characi - ‘7

energy- v -lossT d1str1but10n characterized- by\varlance“‘*-——-"""\ - /
by variance | /

‘\‘m

e - T

-
- 1

i ]

o
<0
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2 2 . 2 2
- . = . 2 3
OBohr 0.157 z“s (Z/A) in (MeV) 5= 3.52 (MeV)

L FWHM = 2.36 0 = (2.36) (1.88) = 4.2 MeV.

@

This width accounts for less than half (by quadrature) of the tota‘ﬂli‘fwidth

of the measured peak in Fig. 3, however, and one is forced to look else-

where forfg.:\ri;e—‘k};i«;néfton:;éi tﬁe discrepancy.
T TN S

Energy straggling is also reflected in the energy deposition of the
secondaries, in terms of the fluctuations of energy loss of the primary
before the collision which generates a secondary, the fluctuations of |
energy loss of the secondary before entering the detector, and the energy
loss straggling in the detector itself. Much more important than these
effects, however, is the variation in depth.in absorber at which the nu-
clear interaction (which generates a secondary) takes place. Since the
secondary fragment generally has a smaller charge number than the
primary, if it is emitted with the same velocity (the NAY = 0" apprdxi-
mation) iwt?will have a-smaller specific energy loss (proportional to zz).
T@s}l}rls a greater factor than the decrease in total kinetic energy
(roughly proportional to z), (%s-.d its residual range (proportional to A/zz)
will be greater than that of the primary. The net result is that at any

point in an absorber, there will be a distribution of velocities of sec-

ondaries of a given type, with the slowest corresponding to those which

—T T N — T b TN - T Ne——— e —— .
have beentgenerated - nearbysfromiprimyaryltiollisionsndaiidethesfastest.cor-
e ————— et . . ‘_-__“-: - REp— ) S - -

PO
responding to those which were generated at the entry point of the ab-
sorber and have been losing speed more slowly.than the primary\,v-j’é:-_ﬁ
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o{@e',longe st path. .

Thus, the larger values in the energy-deposition spectrum for a
.. .particular fragment type correspond to the slowest secondaries (gener-

<ate

d*negnga),,and the smaller energy-deposition values correspond to the
fastest (generated at entry), with the extreme example being contamination
" of the primary beam entering the absorber at the same velocity as the
primaries (e.g., the carbon contamination spike in Fig. 6). These

peak—broadening effects increase with depth of absorber, and are also

-\5—'1
\br\oadenedsthems(elve(s by the increased energy straggling with depth,
S ,——A\g M et _

and by the effect that some of the secondaries ares: @fobablydgenerated with™*

——rr

L R

- -

e e tan

(‘e‘(e‘d's:81gn1f1cant1yu1essuthanlthetprlmarles, i.e. AV # 0.

i e ———————— T

There is another effect which tends to alter the energy-deposition
spectrum, related to the fact that there is a certain probability that a
fast heavy ion will undergo a nuclear interaction in the detector itself,
generating lighter fragments which, if emitted at the incident velocity,
will have a total energy deposition in the remaining detector thickness
which is less ghan that of the incident ion. This is evident from a gen-

eralization of the example of an ion of charge z breaking into fragments
o

' _ . 2 _ 2 2
of cha.rge z, and Zos such that z = zy tz,. Since .z = z1 + z2 + 2z1z2,
2 - R i N N
z~ is always greater than, theesum of tznf sand: @k, 1 Thé nét The net )
TRt B L CT T o

-

result of this effect is the formation of energy dep051t10n events,whlch j

. v czn

are smaller than the events from passage of the incident ions through
the detector without fragmentation; a lower-energy-deposition ' tail"
is formed on the peak from any type of ion., and the peak is itself
broadened. Note that the formation of a low-energy-deposition tail
fl;om this efféct.is the opposite of the high-energy-loss tail formed in

14.
Y :
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the Landau effect and in thick-absorber energy straggling. This /ﬁh/cfgéi' effect
» ~ -

is believed to account for the smaller-energy-deposition tail seen in
Figs. 3 and 4, for the oxygen ion peak, and for a significant broadening
of the peaks. One must also remember that the above argument is
slightly vulnerable to the exceptions due to fragment formation with
significant speed loss, and nuclear ''star' event formation in the detector,
which would tend to cause larger enebrgy depoéition.

We can estimate the importance of the nuclear interactions-in the
detector by calculating the probability of an interaction per passage of
oxygen ion through 3 mm (O.7§/cm2) of silicon, froni the mean free path

of O on Si, using the Bradt and Peters exprelssion (@):
A (L on 2) = 25A2/.ZA1/3 +VA;/3 - 1.17)% g/cm?,
2O on Si) = 36.3 g/cm®.

Thus the interaction probabilfi%y is

1-e ¥/ N 2 1.e70:7/36:3 _ 40,

U

This estimate (2% interacting in the detector) is probably too small

. Errors

The results shown must be qualified by our knowledge of several

sources of significant errors. The nature of the electronics (e. g.,

dynamic range limitations, discriminator threshold settings against
noise, etc.) is such that there are losses of pulses due to the épé;f"séi’y
ionizing particles, i.e., protons,dd;eii'te:r;@nqs,, and He ions. Furthermore,

if a singly-charged secondary comes through the system simultaneous
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with a heavier fragment, its contribution to the pulse height will be
"buried" with the larger contribution of the multiply-charged ion, re-

sulting only in a slight shift to the right of the peak from the heavier

I ey e ——,

fragment. This bias against the low-z secondaries is compounded—}ﬁr_/

S e e -

the size and geometric arrangement of the detectors, which register
only particles in the " straight-ahead" direction from the water absorber
(target). If there is significant lateral scattering after a fragmentation

collision, the lightest fragments are likely to be scattered most, and
e — BtV S e

/_———”_'—\-——-n.._.
therefore would tend to miss the \ilete ctorsn(ZOikcmﬂdownstream)-JeWe expect

— —— -

that these effects will result in a severe underestimation of the number
of fragments with z = 1, and a moderate underestimation of the frag-

ments with z = 2. It might be possible to estimate the error in the

- 7’——"“\"-\_,,——-——-__‘__,/,."—-——-———!“ _‘/..’ },__
amount of low-z secondaries by’ ~sﬂlﬂr_nple <c0n51denat10nsioflcharge (consiizr/a—
s a2 —~ -

tion in a collision, e.g., fragmentatlon of an oxygen ion into a nitrogen
should be accompanied by a singly-charged fragment.
There are other errors involved, such as the energy calibration

error resulting from extrapolation from low-energy natural alpha particle ..
sources, etc., but'this type of ei‘ror does not result in misidentification

of a peak or loss of counts in a peak. There is also error possible in the
number of counts in the lowest channels, due to noise from the detector

and electronics, but we are not placing much importance on the smallest
S 4__/\‘
pulses here, due to‘our 7prev1ous arguments on losses of low-z secondaries.

s N
R o - P _ s

Another " error" e‘:e e sults: frém thetficttthatlwe ihave not ‘designed . our exper1—>
' i

R T S

o — ——— ,—————--' - —
ment to detect neutral secondarles or contamination (especially neutrons)

and have made no attempt to identify mesons. For example, a charged

pion emitted in the straight-ahead direction could be mistaken for a’*::::j
o : - v -
proton, or even a heavier secondary, if it interacts’in the analyzing de-

EY

tector to form a '"star." v o
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IV. COMPARISON WITH THEORY AND OTHER MEASUREMENTS

In general, these preliminary measurements tend to confirm our
expectations that the nuclear fragmentation process would not " spoil"
the high-energy heavy-ion beam for biomedical purposes. The results
are consistent, for example, with the predictions of S. B. Curtis, that the
secondary-particle contribution to the Bragg peak of a 300-MeV/nucleon
neon beam would be less than 15% in width or height. !

We can make some particular comparisons with the results of other
heavy-ion experiments and cosmic ray data interpretation. In August
1971 and January 1972, nitrogen ion beams were developed at the Beva-
tron, and fragmentation of 2.1-GeV/nucleon 14N nuclei in carbon and
hydrogen was studied and reported by Heckman et al. (4,8). They
concluded that the preliminary values of the partial differential cross
sections at 0° give evidence that the modes of fragmentation of 14N pro-

jectiles are independent of the target nucleus. Also the Heckman group

used their nine-detector telescdpe to study the fragmentation of a
280-MéeV/nucleon 14N beam impinging on a 5-cm water absorber after
passing through the usual vacuum windows, monitor scintillator, etc.,
resulting in degradation to a residual energy of 160 MeV /nucleon for N
ions entering the first silicon detector. This is approximately equivalent
to analyzing the residual beam at a depth of 5 cm of soft tissue

in a patient being irradiation with 240-MéeV/nucleon N ions.

Their raw data in the form of 711 particle "' signatures,"

were analyzed by this author, with the results shown in an event-
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frequency histogram in Fig. 7. The most apparent result is that the
great majority (80% ) of the impinging N ions emerge from the absorber
as slower N ions (i.e., without nuclear fragmentation). Seventy per-
cent stop in the telescope at the end of their range, and 10% undergo
nucle:a; reactions in the silicon. The 20% which undergo fragmentation
in the absorber result in secondaries emerging such that 2% of the events
are associated with singly: charged particles (this is probably underesti-
mated severely), 4% He, 1% each of Li, Be, and B, and 4% C. Frag-
mentation into carbon is favored, acco#ding to the alpha-particle model
of the nucleus, which treats a nitrogen nucleus as three alphas (12C)
:plus a deuteron. The interpretation of the events labeled with a question
mark is ope.n to doubt. They had signatures indicating higher ionization
‘than the primar}"rl\Nlb';a'mx, ‘and could have resulted from a 7% oyxgen con-
tamination of the incoming beam, or superposition (coincidence) of a
primary with a 1ighter fragment, etc.

From these data we can obtain estimates of cross sections, mean

—y

free path and fragmentation parameters for comparison with the pre-

s -
= Ty
dictions from cosmic ray data. From our analysis of- the*data of Heckman
T - T N—— Trme— A e
—— e e —
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; € f et a1900n1/2\8®nM,e_V3/ﬁnug_liegonvnmtg@genteln ,wate}r,5W1thu565 8ut. of 7 1onsN ions
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surviving after 5-g/cm HZO’ we extract a mean free path for frag-
T T —— - ____————"—-“i

o I ] 2
mentation of QN on H.O).= 22(x30% )g/cm ¥
- A e

- e 2
AN on HéO) ~ 22(£30% ) g/cm”.

This compares very well with the predicted value of 21 g/cm2 calculated
o) a2 2

from(9)Waadd1ngton A (N on H) g 6.7 g/cm” and \(N on O) = 28.4 g/cm

obtained from Bradt and Peters.(’-?)\ Similarly,) from 497 of 565 =N ions

surviving after stopping in about 5.5-g/cm2 silicon, we extract a mean
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free path of

N(N on Si) ~ 43(230% )g/cm®.

This compares reasonably with 3;‘8t’g,/?cf‘-rrg2/,qth2e, predictidncfremiither .
geometric Cross vs ection. Son‘lrénrdis agreement is re/xpeicrted fr01;n the fact
that the geometric cross sectién is only valid at high energies, e.g.,

> 1-GeV/nucleon, while the data are taken from interactions with pro-
jectile energies from 160 MéeV/nucleon to zero.

Estimates of the mean free path of oxygen ions in water can be
obtained from our data, by comparing the number of events under the
fragment peaks with the number remaining in the primary peak. For
example, in a run with 4-cm water absorber, 2500 frag‘rﬁentartilc;ns wefe
observed while 11,400 primaries were transmitted; i.e., a total of

13,900 primaries were incident, leading to a mean free path estimate

of :
MO on H,0) ~ 20 g/cm® £30%.

This is consistent with the experimental value for nitrogen ions, since
the oxygen nucleus has about 10% larger area, and agrees well with the
value 1\79..;>3,é(/:/<:fr1212ca1cu1ated from Waddington's N(O on H) = 6 g/cm2 and
AN(O on O) = 26.7 g/cm2 from Bradt and Peters.

- Furthermore, by rough calculation from the data shown.in Fig. :.6,
we can estimate that the fragmentation probabilities are about the same
(£50% ) for the five groups of fragments: N, C, L-nuclei (i.e., B, Be,
and Li lumped together), He, and H. This does not agree with ekpec- /
tations (see, for example, Fig. 1 of leflétriSJ)bet?iSb‘gOﬁs@gtegﬁtiwistkﬂ; vA J
the values used by Lyman (unpublished data, 1972) for best fit to the
number-distance and ionization vs. depth data for‘the oxygen ion beam

in water.
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V. CONCLUSIONS
We have drawn the following provisional conclusions from the
preliminary experiments and data described above.

1. Semiconductor detector systems are an adequate method of mea-
suring the amount and type of ' contamination' of incident high-energy
heavy-ion beams, and can be used to-identify and quantify the secondary
particles arising from nuclear fragmentation as the primary beam

penetrates to-depth in tissue-like absorbers.
-

o .

el )
2. The number of nuclear secondaries created in thickne's’sesup tO/S/ cm of
“-...___
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remaining in the beam; ‘the contribution to the depth-dose curve will

be even smaller, given the decreased nuclear charge of the fragmenfs.
3. The measufed mean free paths for nuclear fragmentation of high-

energy heavy-ion beams in water agree (within experimental errors)

with the values calculated from geometric cross sections and cosmic

T T e e
ray data, but fragmentation parameters: mayndls agnee 1w1th»prev1ous
. "‘ R “——---..-. . "

expectations.

4. In terms of radiation physics, the Bevatron high-energy heavy-ion

P el T e o r] ———— - =
beams appear to have \c?esmnaleeechTarac«tesr1stlchSf®rrcont1nu1nng aresearch on

- - P R
P e —— e T - >~ P O ——

ngmedma«l appbicationsdical work.

Pt -
e — e —




-20-

ACKNOWLEDGMENTS

This work is dedicated to the memory of Professor Aharon
Katchalsky (Katzir), who was assassinated by terrorists at the Tel Aviv
Airport on May 30, 1972. He was a brilliant scholar and teacher, a
wonderful friend and colleague, and an inspiration to all of us associated
with the biophysics program at Berkeley.

I would like to thank the following people for their cont;'ibutions
to this work: Fred Goulding, Don Landis, Jack Walton, and Stu Wright
for help with detectors and electronics; Stan Curtis, Walter Schimmerling,
Mike Goitein, and Hans Bichsel for useful discussions and calculations;
Harry Heckman, Doug Greiner, Pete Lindstrom, and Fred Bieser for
furnishing their data on nitrogen fragmentation; and C. A. Tobias for
his continued support and encouragement. I also want to express my
gratitude to Ed Lofgren, Herman Griinder, Walt Hartsough and the crew
of the Bevatron, for their cooperation in producing high-energy heavy-
ion beams, which make this work possible.

This work was supported by the U. S. Atomic Energy Com-

mission.



-21- ‘

APPENDIX: RANGE AND STOPPING POWER OF
HIGH-ENERGY HEAVY IONS IN WATER

In view of the fact that accelerated high-energy heavy-ions became
available only recently, there was little need for precise calculations of
their energy-loss characteristics. Now, however, there is a need for
such data. The computer code RANGE2 calculates the range and stopping
power of fully stripped ions of arbitrary isotopes of elements from hydro-
gen through neon, and furnishes results in the form of computer print-
out tables for specific energies from 0.05 to 1000 MeV/nucleon, in
arbitrary stopping materials. For the use of other investigators, we
have plotted these data logarithmically, for water absorbers, based on
an effective atomic number Z = 7.0, atomic weight A = 12.6, and mean
excitation potential I = 64.85 eV. Figure 8 shows the range of ions in

9

water as a function of specific energy (MeV/nucleon) for 1H, 4He, Be,

12C, 160, 2'oNe, 40Ar, and 56Fe. The values for Ar and Fe were ob-
tained by A/zz scaling from lighter ions at the same velocity, i.e., the
same specific energy. Note that the range of fast 4He ions is the same
as for protons at the same velocity. Figure 9 shows the stopping

power (LET_ ) of i;o;_qs 1n ;;Q;.‘te.r/ as a function of specific energy
(MeV/nu_.cleon) for He, Li,‘Be, B, C, N, O, Ne, Ar, and Fe. Values
for Ar and Fe were obtained by z2 scaling from lighter ions at the same
velocity. Note that energy loss of oxygen beams in silicon detectors can

be calculated from the fact that the mass stopping power of fast oxygen

ions in Si (in MeV/g/cmZ) is nearly identical to that of nitrogen ions in HZO'
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Figure Legends

Fig. 1. Schematic plan view of the Bevatron.

Fig. 2. Schematic diagram of Silicon Detector System.

- Fig. 3. Energy-deposition spectrum of ' virgin'' beam of 240-MéeV/nu-
cleon oxygen ions in 3 mm (0.7@7cm2) Si.

Fig. 4. . Energy-deposition spectrum of oxygen ion beam after passing
through three ionization chambers, monitor and quadrant scintilla-
tors, and empty water celumn; residual energy about@MeV/nu—
cleon.

- Fig. 5. . Energy-deposition spectrum of oxygen ion beam after passing
through two ionization chambers, three scintillators, and water
column containing 2 cm HZO'

Fig. 6. Energy-deposition spectrum of secondaries generated by passing
oxygen ion beam through . ionization chambers, monitor scintillator,
and water column containing 5 cm HZO'

Fig. 7.  Event-frequency histogram of 280 MeV/nucleon 14N ions frag-
menting in 5 cm HZO’ etc. - From our analysis of data taken by
Heckman et al. (unpublished).

Fig. 8. Range of ions in water as a function of specific kinetic eﬁergy,

in MeV/nucleon. Values from Bichsel'saccodé:zation.of Bichse!’ A
—
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@NGEANGE; P
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Fig. 9. Mass stopping power (LET_ ) of heavy ions in water as a func-

tion of specific kinetic energy, in MeV/nucleon. Values from
o= T e e et ——— e

RANGE. Bichsel's code RANGE. J
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