
Lawrence Berkeley National Laboratory
LBL Publications

Title
Composition of High-Energy Heavy-Ion Beams: Preliminary Measurements

Permalink
https://escholarship.org/uc/item/2g5412bm

Author
Maccabee, H D

Publication Date
2023-09-06

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2g5412bm
https://escholarship.org
http://www.cdlib.org/


-1.- 

Composition of High-Energy Heavy-Ion Beams: 
Preliminary Measurements 

H D. Maccabee 

Donner Laboratory and Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

No. of copies submitted: 3 

Manuscript pages: 24 

Figures: 9 

Tables: None 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



Running head: 

High-Energy Heavy Ions 

_Z_  

Proofs to be sent to: 

Dr. H. D. Maccabee 
Building 29, Room 213A 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 



-3- 

Radiat. Res.7pp. 
____- 

Composition of High-Energy Heavy-Ion Beams: 
Preliminary Measurements 

H. D. Maccabee 

Donner Laboratory and Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

November 1972 

ABSTRACT 

Silicon semiconductor detector systems were used to measure 

the energy deposition spectra of 240-MeV/nucleon oxygen ion beams at 

the Bevatron of Lawrence Berkeley Laboratory. The results are useful 

-- -' ,. _\ 
for 1det rmming}the ccromp ois ition10 fkthe the am ,b (be for eiiandifdf te r) ;p as sing 

through varying thicknesses of water absorber. In particular, con._ 

tamination of the incidentoxygenibeamby carbon ionsionthè order' 
-. ) 

of 1% was detected and resolved. Secondary particles due to nuclear 

fragmentation in water wereidentified and quantified. The experimental 

estimate of the mean free path of fast oxygenions in water is 20 9/cm2, 

in agreement with calculations from cosmic ray data and geometric 

cross sections. 
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I. INTRODUCTION 

Recently, high-energy,e y-io:nbeams were produced for the 

first time at the Princeton Particle Accelerator and the Bevatron of 

the Lawrence Berkeley Labor atory(1. )BeBecau&ef 
- .,.-.--- -  -- 

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

tissue, these beams could be very useful in tumor therapy and other 

applications of deep lesion production in biology and medicine(2)F.For such' 

purposes, it is necessary to accurately identify the composition of the 
-.-- -..---------.-.-. 1

. 
 

 particle beam, in addition to cdo a üring ioniz a- 
- 

tion. In particular, our goal is to-measure the amount and type of 

U  contamination" of the incident beam (arising at the ion source or from 

collisions in the acceleration or beam transport systm, and to identify 

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 

c onver-siontof pñpiairyabamaintornonus eful fec.ondar4rafagcmnt s 

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 

ç Z --  -.- -- ----------- 

ions is 2GeVL perfnüclebTnpcwe1haveTusedelowe r energy beamsergy b. 
-- 

(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 MeV/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. , 2 
4 
 He, 

 10  
5B, 

 12  
6C, 

14 16 i  7N, 8°'  etc. ), and particles are fully ionized  at the incident velocities 

12 1.4 
considered. Thus, for example, if C, N, and 

160 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 

z2 -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 (z 2/P
2 

). 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 



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 tudje3-, 
- 

studiesnbaseon1thenference 'from previous (he  th a vy-ion\stud1esavr 

at ithe sB tually ialli oft thel fr agmentation2c olli sions Ili  
.- ----------.---.------ - -- _- 4..-___ -  

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

velocity from the primary (4). This has been called the = 0" approx-

imation, which enables us to obtain useful identification of the charge 

numbers of secondaries, with the relatively simple detection system 

shownin Fig. 2. 

(ner,& depos iteU 
- I 

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

drifted silicon, in the top-hat' configuration (5)'] Although there is 

some evidence that there is a 1srali-pule-heightdefe.thf;ortslow heavy ions 

inisemicpnductottdete cto r s cand ipe rhapssa. slightihift inthe lvalue of the 
---------

--------------------- 

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 
- -------------- -

'- 
pulse, and'trañ srnitt-dcvia áilonigc abfef iomth&iirr adiatithtcavel (hanne1 2) 

- -.. c :-théobiorhedicaI.zcounting -,room vhèr It-is then 

fé arjgàtesystèih whci ionIàciéitsit:foi:ana1y s  
- 

------ -
. - 

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 40X103  heavy ions can be incident in a millisecond Fof beam'- 

spill time, leading to instantaneous rates of 40 MHz. The pile-up (  j 
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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 the 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 1.6o  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-

cident beam, with all particles having about the same velocity, a dynamic range 

of 64 is necessary to accountfor the difference in z  2  betweenprotons and 



- ---T -- 

oxygen ions Thus extensivelyifor different - 
-.. f -- -.-- - - cT-------------------------------- .-------. -..-------.- 

- 
xpeamntl 

III. RESULTS 

The experimental data, in the form of counts per channel versus 

channel number, are processed with calibrationiñEmation 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 
--- --- 

following spectra are results selected from a iiurberaofiexpe iiq 
- 

ments performed on 29 January and 1. February, 1972. 

Figure 3 shows the energy deposition frequency spectrum of the 

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, 100xxmof air path, and the U  thin 

detector (0.033 g/cm2  Si). There is a pronounced peak at a (mos' 

probable) energy deposition of 1.49 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/cm2  Si, 147 MeV, obtained from range tables gen- 
--.-.----------------- ..- - _._-_ - .-.-.--------- -.-----.- 

erated by Bichsel' s code jsee ápe1dix) is Thelpeakhas avful1awidth- ) 

C'at half -maximum of 6.7 MeV, and a ' tail" corresponding to smaller 
-- - --------- 

- - -- - 

energy deposition. There is also a distinct "bump" centered at energy 

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

same velocity as the oxygen-- ions, siiice,' atthe saméwelocity,- r 

..-.---.- . - 

c ~ufsejhe~ights-will be in the-ratio of thez2  values which is 

C) 
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36:64 = 0.562, and (0.562) (1.49 MeV) = 83.8 MeV. This small peak is 
_-_ --- 

asoc rated withjthe-lc ontamination of th..inominaloxyg en the amby Icarb on, 

arising fromitheffact thatfCO tgas had beèñ present'-intthe ionthe 

source. The number of counts under the carbon , when compared 

to the number under the oxygen peak, diatethat 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 21.6 MeV/nucleon. 

The main peak is at a most probable energy deposition of 1.61. MeV,'  

indicating that oxygen ions entering the detector 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 1.60 MeV. Now the 

events under the carbonçi3  are about 2.5% of those under the oxygen 

peak, possibly indicating an increase due to carbon ion secondaries 
V V  

generated in the absorber materials. There is also a 

ably corresponds to helium ion secondaries generated by nuclear collisions 

in the mateials upstrearn.. 

The experimental conditions for the data in Fig. 5 are;binilaçto 

(thoseb aaoveLwith the s ub s titutioñ oLtwois cintill atlontVc ounte r s- forone of the 
-- 

ionization chambers upstream, but1inhfecaseithevariable water column has 

ox 2 cm of H20 (i. e., 2 g/cm2), and the residual beam energy ions 

- - 
 

nc ide ntxIa, tec-tQ ri s/ab outoii7 8 MeVr/nic1,e n tn .mplifie r gain 

fácto, of 2.0. 
,- 

(The- measured value of the energy deposition ..(most probable) in the .  —f----- 
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oxygen ion peak is 180 MeV, compared to a calculated value of 1.78 MeV. 

The peak width is 9.7 MeV (FWHM), and there are: ais corresponding 

to nitrogen ion secondaries depositing around 1.39 MeV; carbon ions as 

before; some structure probably due to Li, Be, and B ions; a helium 

and a possible protonpe which is unresolvable due to noise in 

the first channel. 

Finally, three more cm of H  2  0 are added to the water column (for 

a total of 5 g/cm2 ), and the resulting energy-deposition frequency spec-

trum is shown in Fig. 6. The main peak from the oxygen ions (calculated 

incident energy, 1.10 MeV/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 1.68 MeV, compared to a calculated value of about 

175 MeV, 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  2  0 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 

-' -- 

energy deposition) carbon ions, i. e. , the contamination frIohihe source,- 

hichh sgene r atedat thecs ame ve1ocitya sithe kp ruiarywxyge 11 ions1  aC alculations 
- - 

- 
- - 

Cof theposition of the,peak bas&dion thisiastimp ti' óh yield aValueiofiabout 107 MeV 

'cThexirTxm iintfreibro âd;ptio át 448jMeV vhich 
- . 

(. s'is tedtiith ac allatèd Cf i th'ea - 

pr oxiationtthatitheino stiprobble se con4ary isJiscgenerated trith1i 

anrenergr oft1180.. MeV/ nucloui) t1epth'of 2cnintheNater . • •••
1 

.3 



_11- 

column (dndnslow§ down ino3rcm bfcrHzo  }bforef entering tthe analyzing 
- 

ed . 

The(ai which is tentatively identified with lithium, beryllium, 

and boron secondaries is not rsolved,into componentsibutthas aS-maximum 
- 

cund'.7 7MeV i There istals o arj:,l-'ai;,r6-wtpeakt.Whichiis,lt-'6iit~ativel-  (identified  
* •-_._ , . 

.__-.-- - - 

(scheliumse condarie sbutliseincompletely ire solvQd rornia (large) spike (off S cale 

at 1076 counts in maximum mur channel) wbichi:s identified as protons., 
- _ 

Discussion 

There are several physical phenomena which affect the shapes of 

the peaks in the energy-deposition spectra. The most obvious is that of 

energystraggling. 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 energy 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: 

K = 0.50 z  2  s (Z/A) [(i 2 )/ 4]159 

where s = absorber thickness in g/cm2; see ref. (6) for a discussion 

of straggling--in--thin absorbeisT1 

7- 
---Since-,the- fraction-of kthetic 'nergy loss 1A T/T =(i49)/(i6)(240) 

learly, since T/T = (149)/(16)(240) = 0.039,thBôhr solution for 
- 

=0039, the Bohr solutioKf6 thin abs6r15s is valid, itha Gaussian 

Cabs orbers is valid, with a Gaussian energy-loss distribution charac -  

_ - 

I
ll 
,by variance - 

- 

- I 

0 

0 
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0Bohr 
= 0.157 z2s (Z /A) in (MeV)= 3.52 (MeV)2, 

...,FWHVI = 2.36 or (2.36) (1.88) = 4.2 MeV. 

This width accounts for less than half (by quadrature) of the totaJIwidth 

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

where foranc'explanaion of the discrepancy.  
.- 

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 0" approxi- 

2 mation) it,  will have a smaller specific energy loss (proportional to z ). 
T'hish?is a greater factor than the decrease in total kinetic energy 

(roughly proportional to z), (sd its residual range (proportional to A/z2 ) 

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 

have .enbgene r at:d' earby.fromiprim;aryl&Nii sion sia±Methesfastest c or  

respondingto those which were generated at the entry point of the ab-

sorber and have been losing speed more slowly.than the primaryJ 
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theiogest path. 

Thus, the larger values in the energy-deposition spectrum for a 

• -particular fragment type correspond to the slowest secondaries (r-

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 
- -------- - 

Is by the increased energy straggling with depth, 
----- - - 

and by the effect that some of the secondaries are'probablycgeñrated with' 

(pgeds s ignific antly le s sithan thep rimar ie s, i e 0 

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 than that of the incident ion. This is evident from a gen-

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

of charge z1. and z2, such that z = z1  + z2. Since z 2 = z12  + z 2
2 
 + 2z1.z2, 

2 --- -- _ _ _Z
_-2 -Z' -2 2 2 

z is always greater than thees2 rn..ôf and,  zz1  Thd net The net 

result of this effect is the formation of energy;deposit1onieventsDwhich.' 

are smaller than the events from passage of the incident ions through 

the detector without fragmentation; a lower-energy-deposition "taiP' 

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 

from this effect is the opposite of the high-energy-loss tail formed in 

4. 
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the Landau effect and in thick-absorber energy straggling. This nüc1ear 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 energy deposition. 

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)(elf silicon, from the mean free path 

of 0 on Si, using the Bradt and Peters expression (7): 

X (1 on 2) = 25A2/AV +A - 1.17)3 1/3
2 g/cm2, 

on Si) = 36.3 g/cm2. 

Thus the interaction probability is 

= 1-e .7/36.3 
= 0.019. 

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 parsel'y 

ionizing particles, i.e. , protons, dde ?.Qx!, 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 

fragment This bias against the low-z secondaries is ompounded,( 

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 
- 

therefore would tend to miss the et tAisaOImcdownstiéam).-DeWe expect 

that these effects will rsult 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 
_4 -- - 

amount of low-z secondaries 
• -- ---'#-.- ------- • 

tion in a collision, e. g. , fragmentation 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 error 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 

pulses here, - tb'ottr)previous arguments on losses of low-z secondaries. 
------- - - 

Another U  error" s'uits:-fr'dm •thetfttthatwthavè 'ote ignedour experi. 

ment to detect neutral secondaries 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 

proton, or even a heavier secondary, if it interactsin the analyzing de-

tector to form a 11  star." 
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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. 1. 

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 00  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 telescope to study the fragmentation of a 

280 -MeV/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 1.60 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-MeV/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 (8010 ) 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 1.0% undergo 

nuclear 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 silnlgf1ly charged particles (this is probably underesti-

mated severely),. 416 He, 1% each of Li, Be, and B, and 4% C. Frag-

mentation into carbon is favored, accoding to the alpha-particle model 

of the nucleus, which treats a nitrogen nucleus as three alphas ( 
1.2

C) 

Lp.lus  a deuteron. The interpretation of the events labeled with a question 

mark is open to doubt. They had signatures indicating higher ionization 

than the primary?Nthamand could have resulted from a 7% oyxgen con-

tamination of the incoming beam, or superposition (coincidence) of a 

primary with a lighter fragment, etc. 

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

free pth, and fragmentation parameters for comparison with the pre-

dictions from cosmic - ray data. From our analysis ofthe:&ata:ofHeckman 

.12 
- 14 

~umbei
-

nynktk~ 
-- 1 

ou 
4  t of 711onsN ions 

- - 
. -.- 

surviving after 5-g/cm H20, we extract a mean free path for frag- 

mentation of on H. 0) . 22(*%30 )gJcm'. 

2 
X(Non H20) = 22(±30% ) g/cm 

This compares very well with the predicted value of 21 g/cm2  calculated 

- 2 2 
from (9 düñgtön'sX (N on H) 6.7 g/cm and X(N on 0) = 28.4 g/cm 

1.4 
obtained from Bradt and Peters.(7).Sii ay, from 497 of 565 N ions 

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

on Si) = 43(±30%)g/cm2 . 

This compares reasonably with38t/ i/,ctht 

geometric cross section. Some disagreement is expected from the fact 

that the geometric cross section is only valid at high energies, e. g. 

1.-GeV/nucleon, while the data are taken from interactions with pro-

jectile energies from 1.60 MeV/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 fragmentations were 

observed while 1.1,400 primaries were transmitted; i. e. , a total of 

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

of 2 
on H20) = 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 

,,22 , 2 
value 19. 1gcm calculated from Waddington 's  X(O on H)  = 6 g/cm and 

X(O on 0) 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 expec- 

tations (see, for example, Fig 1 of . 

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. 

The number of nuclear secondaries created in thckn&ses:up to 5 cm of 
- 

- -.-----. -.---------- - - -------- -.-- 

it-htr'es etntorthernufrbrnofp rimar ie 5 

remaining in the beam; the contribution to the depth-dose curve will 

be even smaller, given the decreased nuclear charge of the fragments. 

The measured 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 

ray data, but fragmentation parameters inayidis 
- T - - -- - 

expectations. 

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

beams appear to have espa ëecb3atér± res e arch on 

work. 
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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 RANGE  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 1.000 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 = 1.2.6, and mean 

excitation potential I = 64.85 eV. Figure 8 shows the range of ions in 

I 1. 
water as a function of specific energy (MeV/nucleon) for H, 4 He, 9 Be, 

1.2 16 20 40 56 
C, 0, Ne, Ar, and Fe. The values for Ar and Fe were ob- 

tained by A/z scaling from lighter ions at the same velocity, i. e. , the 

same specific energy. Note that the range of fast 4  H ions is the same 

as for protons at the same velocity. Figure 9 shows the stopping 

power (LET) of ions in water as a function of specific energy 00 

(MeV/nucleon) for He, Li, Be, B, C, N, 0, 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 

2 i i  ions in Si (in MeV/g/cm ) s nearly identical  to that of nitrogen ions in H20. 



-22- 

REFERENCES 

M. G. White, M. Isaila, K. Prelec and H. L. Allen, Heavy Ion 

Acceleration, Science 1.74, 1-1123 (1.971.). H. A. Grunder, 

W. D. Hartsough, and E. J. Lofgren, Acceleration of heavy ion beams 

at the Bevatron. Science 1.74,11.28-1.129 (1971). 

C. A.' Tobias and P. W. Todd. Heavy Charged Particles in Cancer 

Therapy, in Radiobio]ogy)and Radiotherapy, National Cancer Institute 

Monograph No. 24 (1.967). - 

D. E. Greiner, A versatile high-resolution particle identifier theory. 

Nucl. Instr. Methods 103 291-308 (1972). 

H. H. Heckman, D. E. Greiner, P. J. Lindstrom, and F. S. Bieser, 

Fragmentation of nitrogen-14 nuclei at 2.1. GeV per nucleon. Science 

174, 1.130 (1971). 

-.--- ------ 
- -. _-t - . 

- 7 5 F S Goulding , Sémionductor deteEtors fórinucleãrispe ctrometry 

(Nuci'Iiistr. bMëthods .43;r1-54)(1"966')s in thin absorbers, Phys- 

6L. 5

"  

(H'(D4Macaabee,'M R Raju, and C A Tobias, Fluctuations of 
'z 

energy loss by heavy charged particles in thin absorbers, Phys. Rev. 

1.65 469-474 (1968). 

H. L. Bradt and B. Peters, The heavy nuclei of the primary cosmic 

radiation. Phys. Rev. /77, 54470950). 

H.. H. Heckman, D. E. Greiner, P. J. Lindstrom, and F. S. Bieser, 

Fragmentation of N-14 nuclei at 29 GeV. Phys. Rev. Letters 28, 926 -929 

(1972). 

C. J. Waddington, Composition of the primary cosmic radiation. 

In Progress in Nuclear Physics, (0. R. Frisch, ed. ), Vol. 8, p.  32, 

Pergamon, New York, 1960. 



-23- 

FOOTNOTES 

- 

-.------. -.--.----------.------.--. 

S. B. Curtis, "Secondary Contributions to the Bragg Peak of a High-
Energy Heavy-Ion Beam", p.  1.71. in Donner Laboratory Semiannual 
Report UCRL-18347. University of California, Lawrence Radiation 
Laboratory (1968). 

_ - 

2- - 

H. Bichsel, "A Fortran Program for the Calculation of Energy Loss of 
Heavy Charged Particles", Lawrence Radiation Laboratory Report 
UCRL-17538 (1967). Method described in: H. Bichsel, " Passage of 
Charged Particles Through Matter" , Amer. Inst. of Physics Handbook, 
Third Ed. , McGraw-Hill, New York (1972). 

:2 



14 

Figure Legends 

Fig. 1. Schematic plan view of the Bevatron. 

Fig. Z. Schematic diagram of Silicon Detector System. 

Fig. 3. Energy-deposition spectrum of "virgin" beam of 240-MeV/nu-

cleon oxygen ions in 3 mm (0.7/cm2) Si. 

Fig. 4. Energy-deposition spectrum of oxygenion beam after passing 

through three ionization chambers, monitor and quadrant scintilla-

tors, and empty water cl'n; residual energy aboutk2MeV/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 H20. 

Fig. 6. Energy-deposition spectrum of secondaries generated by passing 

oxygen ion beam through ionization chambers, monitor scintillator, 

and water column containing 5 cm H20. 

Fig. 7. Event-frequency histogram of 280 MeV/nucleon 4N ions frag-

menting in 5 cm H20, 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 energy, 

in MeV/nucleon. Values from ch:sl':sacc:oci:ationof Bichse' 

Fig. 9. Mass stopping power (LET,) of heavy ions in water as a func-

tion of specific kinetic energy, in MeV/nucleon. Values from 

Bihs&l' sjcjo jcR'NQl. Bichs el' s code RANGE. 
- 
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