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i. Introq.uction 

t; When a fast particle passes through tissue, there is a certain 

probability that a nuclear interaction will occur with a nucleus of the 

. medium, and that the product nucleus will be radioactive. Tissue acti-

vation was first discussed by Tobias (1947) and Tobias and Dunn (194 9). 

Nuclear reactions initiated by positively charged particles often leave a 

nucleus which has too many protons for stability, and.therefore tendsto 

decay by positron emission. Examples of such reactions include (p, y), 

(p,d), (p,n), (p,2n), (d,n), (d,t), (QI,n), (QI,2n), and (QI,QIU). Charged 

particle activation has been reviewed by Tilbury and Wahl (1965) and 

Tilbury (1966). Since many such activation reactions are endoergic, 

the incoming particle must have ilOt only enough kinetic energy to pene-

trate the Goulomb barrier (2 to 5 MeV in light elements), but also enough 

to meet the Q-value for the reaction. For ;:tlpha particles of energy 

greater than 25 MeV, total cross sections for such reactions in carbon, 

nitrogen, and oxygen may be as large as 500 mb. Thus when: an energetic. 

alpha particle beam passes through tissue, .as in medical irradiation, it 

leaves behind a weak trail of radioactive nuclei, mostly ~hort-lived posi-

tron and y:"ray emitters. 

Some of the important alpha particle activation reactions in tis sue 

are shown in Table 1, along with the modes of decay of the radioactive 

product nuclei. The maximum energy of the emitted particle spectrum 

is given above the arrow, and the decay half-life ~s given below the arrow. 

Data are taken fro111. Lederer, Hollander, and Perlman (1967). 

The most important characteristic of the positron decay proces s, 

for our purposes, is the fact that when the positron reaches the end of 
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its range, it a:p.rrlhilates with a negative electron to form a y-ray pair 

with equal energies (0.51 MeV each) and nearly opposite momenta. Simple !" 

coincidence' methods may be 'us ed to locate the point of annihilation by 
I . 

. . ~ , 

sirn.ultaneous detection of the y':'ray pair. This is the basis of the activa-

tion studies to be discussed'in the following sections. 

2. 'Positron decay curves 

, I" ': .\.. .. ' . 
. OUr firs~ approach to the alpha particle activationpheriomenon 

was to irradiate tissue and its components in th~ 53 MeV alpha beam of 
, . 

the 'Berkeley8S':'irichsector-focussed cyclotron, and measure the decay 

curves of the positron-emitting activated species. In a.typical experi

ment, t~e sample was irradiated for 3 minutes in thecyclotroh beam, 

with a beam current of 0.1 millimicroampere, then removed and placed 
,'. 

in an autom.atic icoul1.ting system. The detection system consists of a 
• ,.. I • 

pair of NaI (TI) scintillators aligned opposite to one another, with asso-

ciated electronics. When both scin.tillators simultaneously d~tect a 

0.511 MeV )'-ra~ pi:tir from positron annihilation, the resulting coincidence 

pul.se is fed to a scaler and a pulse-height analyser in the time-dwell mode, 

so that the time ... d~pendent positron decay rate maybe automatically re

corded. 

The simplest tissue component examined in this· m.anner was car-

bon, in the form of a graphite slug; the results of this experiment are 

shown in fig. 1. The decay curve has two main components. After 

about 20 minutes, the predominant decay mode has a half-life o£ 20.3 

minutes, corresponding well to the isotope11 C, whiCh has a known 

half-life of 20.3 minutes, and indicating the reaction i~c (a, an)i1cP+)1gB. 

The earlie~ decay rate, after subtraction of the extrapolated 20.3-minute 
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activity, yields a half-life of 2 minutes. This corresponds to the iso-

tope 1580' whose known half-life is 123 seconds, and indicates the reactiQn 

12 '. 15 . a+: 15 
6C (a,n) 80~7 N. 

The results of the irradiation of soft tissue (beef muscle) are 

shown in ·fig. 2. Note that after the 11C activity dies away, the pri

mary activity is that of 1B:F, corresponding to the reaction 

1'~O(a, pn) 1 ~Ff3\ i80• The measured half-life of 115 minutes is in 

fi:l.irly good agreement with the known figure of 110 minutes. This ob-

served activity is the main result of the fact that tissue contains oxygen 

and other elements, in addition to carbon. Other activities were not ob-

served because of their shorter half-lives (they decay away before they 

were'placed in the detector), smaller reaction cross-sections, and lower 

abundance of the target isotope in tissue. 

We ,have noted that the 20.3-minute activity of 11C is predominant 

at times from 10 m'inutes to 1 hour after irradiation. For reasons which 

become evid~nt in the next section, this time period is of primary im-

. . ;'" . . 12 12 . 
portance, and therefore the reaction C(a, an) C merits closer exami-

nation. The cross section for this reaction has been measured by Lindner 

and Osborne (1953) and Crandall, Millburn, Pyle and Birnbaum (1956). 

The energy dependence of the cross section is plotted in fig. 3. 

The cross section rises steeply from the threshold at 22 MeV, and is 

relatively constant at around 50 mb over a wide energy range up to 380 

MeV. This behaviour is typical of many Charged-particle activation re

actions, that is, rising quickly from a threshold to a broad plateau and 

then gradually falling off due to competition f~om other reactions. Thus 
"~. 

the activation behaviour of a charged monoenergetic heavy particle beam 
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in matter' is likely to be a relatively uniform distribution along the track. 

which drops abruptly to nothing when the residual range of 'the particles 

decreases to that c~rresponding to the threshold energy of the reaction. 

In th~ case of fast alpha particles in tissue. all 12C (a.:a:n)iiC reactions 

cease at 0.5 mm (0.02 in. ) from: the end of the track. The sharpness of 
; . . . . 

this effect is tempered. however, by the initial energy spread of the beam 

as well as by energy str~ggling.in the absorbing inate:dal. 

3. Pharitom studies 

G.A: Tobias has suggested that it might be possible to visualize 

andl.ocate the Bragg ioni~ation peak of a positi~ely charged p~rticle 

beam by observing the 'variation in positron activation at the end of th~ 

beam t~ack. With this idea in mind, we irradiated several plastic 

phantoms with 910 MeV alpha particles from the 184-inch Berkeley 

synchrocYc1otron, and then observed the activation pattern in the positron 

scintillation camera, as developed by H.O. Anger (Anger and Rosenthal 

1959 and Anger 1963). The positron camera uses an image detector and 

a focal detector aligned on opposite sides of the subject, along with co

incidence circuitry and electronic coordinate computation techniques, to 

produce an image of the positron annihilations within a subject. The 

image is in the form of dots on a cathode-ray tube, and may be photo-

graphed to yield a picture of the activation pattern. 

Fig. 4 shows a schematic diagram of an experiment in which fast 

alphas were stopped in a Lucite phantom, and a picture of the resulting 

activation pattern. The 910 MeV beam was collimated. through a i/2-inch 

round aperture and then passed through a i.34-inch-thick copper absorber, 

reducing the residual beam energy to approximately 510 MeV, and then ab-

sorbed in the plastic block. After 20 000 rads (air dose at entry) were 

n I. 

" 
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delivered. the block was removed from the cyclotron area and trans-

ported to the positron camera. Because of time lost in transportation, 

the picture shown (1 minute exposure) was taken 20 minutes after the end 

of irradiation; thus. the predominant positron activity is due to the 12C 

~+ 11, . " , , 
20.3 m"'> B reactlOn. The inltial coincidence count rate 

was 10500 per minute. and the estimated activity of the block after 30 

minute s was 20 j.LCi. 

By taking scintiph6tos 6f reference sources separated by a known 

distance. calibration of the length in the p~sitron camera pictures is 

possible.' USlng this calibration. the length of the activation track due 

to 510 MeV alphas in Lucite was measured to be 3.98 ± 0.08 inches. This 

compare~ well with the calculated length, 3.98 inches (4.00 in. rang~ 

mi~us 0.02 in. )' The transverse I1fuzzing out" of the beam track is due 

to multiple scattering and the longitudinal variation is due to range and 

energy straggling of the beam; even if these effects were not present. 

the picture would be blurred by the inherent resolution of the positron 

camera itseif, which we discuss in a following section. The background 

dots in the portion of the Lucite block not associated with the beam track 

12 ,11 e+ IlB 
are believed to be due to C (n,2n) C"> reactions caused by 

background neutrons emanating from (a, n) reactions. 

On the basis of a further, experiment in which the alpha beam was 

completely stopped and the positron activity due to the (putatively) neu

tron background was observed alone. it was found that the background 

activity amountedto roughly 10% of the activity due to the charged parti-

cles. If one assumes that the (n.2n) cross section is approximately equal 

to the (a. an) cros s section in our situation, the conclusion is that the 

I 
,I 
II 
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total neutron intensity inddent on the phantom is roughly 10% of the alpha 

particle intensity. Most of these neutrons, however, are believed to be 

due to nuclear reactions in the brass collimator and copper absorber, 

and are not b~lieved to be associated with the cyclofron alpha beam itself. 

DespIte these side effects, it is clear that this technique makes 

it possible to ~isualize and loc~te the end of the track ofa positivel~ 

charged partiCle' beam i:n matter. At the penetration corresponding to 

the Bragg ionization peak of a 910' MeV alpha beam,' the modal energy of 

the alph~? particles is apprOximately 85 MeV (Raju, 1967)." The range-

energy relation can theribe used to predict that the Bragg peak is ex

pectedto occur about 4 mm "upstream ll of the end of the activation track. 

In the next experimElI~t we attempted to discern the activation pat-

tern resulting from the transmission of 910 MeV alpha beams in a situa-

tion similar to that of a patient irradiation. We used a paraffin head 

phantom irr~dic~.ted with 2000 rads in each of three ports, separ'ated by 

1.3 lnches caudally and staggered by 1 cm in the A-P direction. The 
" ". 

colli~ator aperture was 1 cm by 1 cm square, and the phantom was 

rotated 70° about only one axis trahsverse to the beam. Fig. 5 shows 

the irradiation scheme and the photographic results of the experiment. 

The nonuniformity of the activation images in intensity and lateral extent 

is due to the fact that the phantom was placed in the scintillation camera 

with the Lucite holder mask and aluminum rotator adaptor still attached, 

and t};lese parts added an extra activation pattern of their own (super-

imposed upon and collinear with that of the paraffin) •. It is apparent that 

the activation pattern gives enough separation and geometric resolution 

to provide good information as to the course of the beam in tissue-like 

ii' 
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material. The width of thellhot spots" in the original photo was measured 

to be 1.'1 cm, which corresponds well with the collimator opening of 1 cm. 

4. Patient studies 

The final experiments in this series were designed to determine 

the' activation patternresti.lting from the actual irradiation regime of a 

patient being treate'd by the Donner Laboratory method of pituitary abla

tion by rotational superposition of transmitted 910 MeV alpha beams. 

Fig. 6 illustrates the method of the rotational irradiationjthe head is 

held in a plastic mask molded to the shape of the face and rotated by a 
. , . 

system of automatically controlled servo-mechanisms, 70° about the 

x-axis arid 66" about the y-axis, with the beam axis aligned roentgeno-

graphically to pas s through the pituitary at all times. 

In a typical single sitting of an acromegalic case (A.1.), 760 

rads were administered through a 3/4-inch circular aperture. After 

the end of irradiation the patient was transported from the cyclotron 

medical cave to Donner Laboratory and positioned in the positron camera, 

taking 14 minutes. Fig. 7 illustrates the irradiation scheme used in this 

case, and gives an A- P view of the positron decays recorded in 8 minutes, 

yielding a total of 2320 counts. The edges of the expected IIbutterflyll 

activation pattern are moderately well delineated, but the "hot spot" ex-

pected at the vertex (corresponding to the pituitary) is not clearly evident, 

11 probably due to biological IIwashout ll ,' i. e. transport ofC 

away from th~ site. It is clear, however, that this technique can be used 

to visualize the activation pattern (and, therefore, the dose distribution) 

ofa positively charged particle beam in an irradiated patient. A similar 

picture has been obtained by Malcolm Powell (private communication, 
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University of Califorhia Medical Center, San Francisco, 1968). 

5. Possible applications 

We envision several possible applications of the technique of tis-
. .' , 

sue activation with radiation beams. Perhaps the most natural application 

w~uld be the lire of the p~sitron ca~era as an ofi-line alignment tool for 

pati'ent therapy ~th the Bragg peak of positively charged heavy particle' 

beam's. (Se~, for ex~mple, Kjellberg, Koehler, Preston, and Swe~t, 

1963, or Gottschalk, 1963). Since alignment in the (x-y) plane trans

verse to the beam axis is alr'eady very good with conventional tnethods, 

the'important pa.rameter to be controlledis penetration of the beam along 

the beam axis (the "21" coordinate). In other words, because 'of variation 

of density and composition of tissue, bone, sinuses~ etc., it is difficult 

to predict exactly at what depth the Bragg peak will occur. Koehler, 

Dickinson, and Preston (1965) give a different solution to the problem. 

U~ing the activation technique, however, it might be possible to visualize 

the end of the beam track (and, therefore, determine the Bragg peak depth) 

with the adminis tration of a few rads, and adjust the beam ene r gy so that 

the peak would coincide exactly with the volume to be irradiated (e. g. , 

tumour, pituitary,etc.). The rest of the treatment dose could then be 

completed. This method imposes three requirements on the acti~atiofi 

visualization system: 1) the activation ca:rp.era must be "on-line, "i. e. , 

with detectors iJ;l the treat_nent cave, and with fast readout; 2) the spatial 

resolution of the activation camera must be such that it could be used to 

alignthe beam end with sufficient accuracy (e. g., ± 3mm) in a small 

target; 3) the sensitivity of the activation camera must be such that it 

produces a usable picture with a small alignment dose (e~ g., 30 rads or 

les s). 

The first requirement is not difficult: the only problem envisioned 

is that of sl1ielding the detectors or discriminating in some way against 
. , ' I II ! IJ~ r.~ ~ "I 
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the background radiation present in the treatment cave. The second and 

third questions. resolution and sensitivity, have been examined in detail 

by Anger(1966 a), and we only make a few comments on the subject •. One 

of the inherent limitations on the positron activation camera is the fact 

that a 1 MeV positron has a range of about 4.3 mmin soft tissue before 

it 1S annihilated to form the 'I-ray pair which is detected. There are two 

factors which mitigate this effect, however. First, the positrons are 

emitted with a continuous lIbeta l1 energy distribution, whose maximum 

energy is given by the values shown in Table 1; the mean energy of the 

distribution is about 1/3 of the maximum; and, therefore, the mean range 

of the positroz:..s is less than 1/3 of the maximum.' The second faCtor is 

that the positrons are emitted isotropically in the three spatial dimensions: 

x, y, z; if we let r equalthe radial penetration of the positron, r2=x2 

+ y2+ z2, and by isotropy, z2 (mean) = 1/3 r2 (mean). Since dispersion 

in the x and y directions are unimportant when we are considering penetra-

tion in the z-direction, 'we are left with the conclusion that the root-mean-

square pentration of the positron in the x-directiC?n before annihilation is 

given by z (rms) s:::I 0.58 r (mean). The net result is that a1 MeV (max) 

positron spectrum contributes less than 1 mm to the resolution of the 

image in the direction of the beam axis. This contribution is thus small 

compared with the contribution of the NaI crystal and phototube detection 

array (about 5 mm), but there are several possibilities of improving the 

inherent detector resolution (Anger 1966b ). 

In light of the fact that 760 rads in a patient's head produced a 

picture with 2320 dots in 8 minutes exposure after about 18 minutes de-

lay from beam shut-off, one.might surmise that it would be impossible 
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to get a useful picture with only 30 rads. This is not so. however; if 

the positron camera were "on-line" in the irradiation 'cave. and could be 

turned on immediately after beam shut-off. the much higher activity due 

to 150 (T1/2 ~ 123 sec) could be detected. and a much smaller dose would 
I· '. I 

produce a useful picture. One can calculate, for example, that 30 rads of 

stopping alpha partiCles would leave an initial positron activity of about 
. . 

0.15 f.1Ci. Sin~e th~ existing positron camera' sensitivity is adequate t'o 

produce 2000 picture dots per minute from 1 f.1Ci (Anger 1966 a), 30 rads 

could"produce 300 dots per minute initially, and estimating that 600 dots 

can make a useful picture for z-direction alignment purposes, this could 

be 'accomplished with a 2 minut~ exposure. Thus, an "on-line" positron 

camera with slight improvement in sensitivity and a factor of 2 improve-

ments in resolution could be a useful alignment and diagnostic tool for 

charged particle radiation therapy. 

5.1 Other applications 

A natural extension of the idea of visualising the activation due to 

heavy charged particle beams is the possibility of visualizing other beams. 

Recently there has been much discussion of using other heavy particle 

beams for therapy, including pi mesons. neutrons, and very heavy ions. 

for .reas,ons of higher LET, lower OER, and better depth-dose distribution. 

It is likely that the (n. 2n) reactions occurring from neutron beams will 

leave a good amount of positron activity in tissue. Unquestionably, 

heavy ion beams will leave activity very similar to that of the alpha 

particle beams discus sed above. 

It might even be possible to visualise the activity from existing 

therapeutic electron accelerators. such as betatrons and linacs, with 

\,.. 
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beam energies greater than 20 MeV. The ,{-ray bremsstrahlung can 

cause activation in tissue; for example,· the cross section for the 

12C {,{,n)11 C reaction in carbon is 10 mb at 20 MeV (Tilbury 1965). 

There·havebeen several other interesting suggestions for the 

use of tissue activation techniques (Sargent 1962 and Biomedical Studies. 

1967). If a microbearn of particles were incident on a part of an organism 

or a cell organeile (e. g., a' ~hloroplast),activation analysis techniques 

might be used to determi~e the location and amount of trace metals, etc. 

In vivo activation analysis with charged particles might prove useful for 

quantitative determination of tissue constituents. Also, tracer studies 

with short-lived radionuclides might be expedited by generating the radio-

nuclides within an organ of the body, using a particle beam, or even by 

implanting radioactive ions in the body. 
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SUMMARY 

We have studied the positron-emitting activation of tissue by 
. . 

alphapartic1e beams, by using the annihilation ,{-ray coincidence de-

tection technique, all;d the Anger positron camera. We have measured 

the decay spectrum in tissue following irradiation by 53 MeV alphas 

from th~ Betkeley88-inch' cy'tlotron, and visualized the activati()n ·pat-
, . ; . . .' .. i ", 

ter~tesuiting .from a910 MeV alpha particle beacl stopping in a tiJsue:'" 

like plastic phantom, at the Berkeley 184-inch synchrocyclotron. Also 

studied were the activation patterns resulting from transmission of 910 

MeV alpha beams through a wax head phantom, and the activation pat-

tern in patients I heads resulting from one sitting of the pituitary ablation 

therapy technique. 

With slight improvements in resolution and sensitivity, an lIon-

line" positron camera technique could be useful for alignment of the end 

of the beamtrackin Bragg peak therapy with heavy charged particles. 

There are other novel applications which might be possible, using tissue 

activation techniques. 

II: 
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Table 1. Important alpha particle activation reactions in tissue. 

12 11C + 11B 6C(a, em) j3 0.97 MeV ~ 
. 6 20.3 min 5 

12 15
0 

+ 15 j3 1.74 MeV 
3> 6C (a, n) 8 123 sec. 7N 

12 + 
14N 6 C (a,2n) 

140 (3 1.81 MeV::> 
8 ' 71 sec . 7 

+ 
160 ( ) 18F (3 0.635 MeV~180 

8 a,pn 9 110 min :;;.- 8 

16~0(a,an.) 150 (3+ 1.74 MeV. ;>15N 8 . 123 sec 7 

+ 160 ( 19N (3 2.22 MeV ~ 19F· 8 a,n) .10 e 17.4 sec ;;;.- 9 

14 + 
~13C 7N (a, an) 

13
N 

j3 1.20 MeV 
7 9.96 min 6 

14 + 
?;::>

17
0 7N (a, n) 17 F j3 1.74 MeV 

9 . 66 sec 8 
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FIGURE LEGENDS 

Fig. 1~ Positr6~decay spectrum. of carbon after irradiation by 53-MeV 

Alpha particles. 

Fig. 2.po-sitron decay spectrum of soft tissue after irradiation by 

53 MeV alpha. particles. 

Fig. 
. 12C -II 

3. Energy-dependent cross section for the reactIon (a, an) 
I I 

11C. 

Fig. 4. Diagram of method and scintiphotograph of activation pattern 

resulting from 910 MeV alpha particle beam stopping in Lucite 

phantom. 

Fig. 5. Diagram of method and scintiphotbs of activation pattern re-

suIting from 910 MeV alpha beams transmitted through rotating 

paraffin wax head phantom. 

Fig. 6. Photograph of subject in head holder-rotator used in pituitary 

ablation technique, illustrating rotation axes ahd beam axis. 

Fig. 7. Diagram of rotation technique and scintiphoto of positron 

activation resulting from one sitting (760rads) of pituitary 

ablation therapy • 

Iii 
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POSITRON DECAY OF CARBON 
.(GRAPHITE) AFTER IRRADIATION 

BY 53-MeV ALPHAS 
• 

\. . 
\ . \ . 
~, .. ,. 
\ ',. . ,. 
\ . , . 

• \ ".<T Y2 = 20.3 min 
• 12 C ( ) 11 C 11 

\ 
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This report was prepared a~ an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respec~ to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

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






