
EO*TIM pions were fmt usad to irradiate tumors in N patienta on October 21.1974 at the Meson Physics 
Facility 1 Lor Aiamos. New Mexlco (1). Since them first 
irradiations of tumor nodules. .bout 40 patients with s ~ t  
paffklel and deeptying tunm have beon treated wlth the 
therapetaic pion beam. The beam intenslty has been In- 
creased horn 5 rdslmin over e small volumo to the 
present value of 8 r-lrnin in a volume of about a liter. 
Thishnpmvsmarthesbser,~pcwsibbbyIhetncrease 
in lha pknary proton curenl from 10 PA to the present 
currant of 300 PA. Smith e? 0l. (2.3) have studied the do- 
simetry of the beams and the treatment planning. On the 
clinical dde. Kllgeman et el. (1, 4) have obtained infor- 
mation on the comparative response of human tumors to 
the pion peak and to x rays. Although much work lies 
ahead, a good beginning has beon mack for !he study of 
pion treatment at humen nsoplasms. 

producd by imp- a hi* intensity 
800 MeV proton beam an a carbon tarpt. The pions are 
the19 brought intolho treatment room by means of a set of 
eleven magnets whore characteristics and "timing" have 
been strdied by Paciotti ef al. (5.6). Beems of given m e  
mentum and spatial distribution8 aro mado by using dif- 
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ferc~t WWIQOS in 3x1 beam tins andvarious magnet Ssnings 
called tures. The bun emerges BS a vertical and a p  
poxlmately parallel beam of particies. At the end of the 
magnet system the bsam is rodulated and co l l i~ tbd  in 

An inhbcent f a a m  of -he pior, beem is that they 

ponanrr will gemally be m i f o r m  in a tumor volume 
(7-9). With single port hadiations, theretors, a certain 
compensation b probably needed between tha different 

to aivS at a mlfm biological response. 
When it Irfmssible to mat a patlent with parallel opposed 
ports, a compensation is achieved most simply, at least 
to first order. 

a m n m  appoprbta forthe patient. 7710 combbmt10n tollkn8tOr4lMwtor uwd in inrdisting 
metastatic s m i c i . l  nodubs in sdbctod patients. Noso conoc of 

bve sw.a. to that dmerent LET OiWermt 8120s are 8cmw.d into Ih. mountin0 ceno fat differmt s i m  
WOs. The beam b colikrmed by tho bur walls Md at-mfuste(l but not 

Fig. 1. 

by the w y e m y ~ .  

An examination of the pYUcle sm~~¶ure of pion beams 
(9) reveals that the principal pan of the dose Is produced 
by the pions in flight. Thew pions, together with a small 
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prcentage of electrons and muons, are singly charged 
light particles and have long ranges, 8.0.. an 80 MeV pion 
beam has a range of about 19 cm of tissue. Electrons and 
muons have slmibr long ranges. These three types of 
particles constitute a clear group whose LET in silicon is 
between 0.3 and 4 keVIpm. (ET. or Iheiiu snsrgy +ensfar, 
will refer to total energy loss by lonlzatlon in silicon, per 
unit distance in silicon with units of keV/rm.) This group. 
which we wiU call the low LET group. can be ckarty sep- 
arated experimentally from the other particles. 

The star products are produced at the end of the pion 
range and naturally fall into two groups, a medium and a 
hiah LET goup. The mddim LET ~ r a u p  consists prlmarlly 
ol the slnslv chsrged heavy gerEl-om, decnsrons, 
and tritons. A small admixture of high enorgy Q particks 
ts possible for this wow. Thew particks have ranges of 
the order of centimeters in tissue and their LET in silicon 
is batween 4 and -80 k e V I q .  the high LET group 
consists of multlpty charged heavy partick$-low energy 
a particles, 3He and -1s from ths star. These particles 
haw LETS in s l i i m  above 60 keV/pm and ranger In tissue 
of the order of m i l l ~ t e r s  or less. The precise separation 
of these two groups is still being investigated. 

The low and medium LET groups have RBEs near unity 
while ths high LET goup has RBE values botwaen 1.5 and 
5. This high L€T goup also has OER values mar unity and 
plays a prominent role in pion therapy. 

fhe pupore of lhe experiments to be described was 
to m a t e  these LET groups and to measwe their spatial 
behavior. We are now able to evaluate different beams end 
are following (n a hndarnentel manmr thelr radiiiologieal 
and clinical behavior. 

for this work we have chosen the solid state silicon 
detector as the radiatlon probe. It will become futly clear 
that this kind of probe has several advantages over other 
devices. To begin with, A is a small probe-most of our 
detectors are wafers fibout 2-3 mm in diameter and 
20-700 Frn in thickness. This makes them ideal for 
handling the large fluxes of particles in therapeutic plon 
beams. The detector is ussontially wall-less, and one can 
therefore choose ttm housing for the probe to be of any 
matwial including bone-simulating plastics (10). Even with 
the houslng the entke package Is qulte small. and we have 
used it in the oral cavity of patients to check the LET dose 
components In this rwion of treatment Fields. In the most 
recent experlrnents detectors of different thicknesses have 
been used for the different perticks resulting in a very 
satisfactory analysis of the three groups of particles. 

EXPERIMENTAL METHODS 

Sllicon detectors have beMl used In physics for many 
years. but to the best of ow knowidgo they haw not been 
used for LET spectra before. The flat solid state wafer 
behaves essentially like a parallel piate proportional ion- 
ization chamber (1 1); that Is. It produces a voltage signal 
which is propottiom1 to the energy deposited in the de- 
tector by the various particles. The fact that the probe 
presents a uniform thickness to the beam means that for 
the incoming particles-the pions, muons. and elec- 
trons-the so-called “event spectrum” is the LET spec- 
trum. The electronics used wim - detectors is *signed 
to carefully preserve the linearity of the signals. A small 
voltage biases the detector. and the signal goes to the 
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preamplifiw (Omc 125). men to a mrh ampiifkr (Ten- 
nslec 205A) and then to 8 pulse hem uvlyzer (Can- 
8 100). In a water ptmtorn Iwadlatd by a pion beam the 
detOCtm 1s ah0d UI # r ~ ~ i Z O d  probs. h dOOS not disturb 
the radiation field but records failhfully the energies d e  
p0Bit.d by th0 diffwwt p d C h  Onher traversing ths d& 

The silicon wafers are mounted in Lucite rings with 
Lucke caps thet are screwaj to the rings. when operating 
in water. the probes u e  held In a water-ti.#tt box with the 
cables running throw rubbar tubing whlch is mchod 
ti#ltlyto Ihe box. The dabctmme chsdcd and calibrated 
in a v8cwm chmba with smell mdoadvo sowobs. Wlth 
the covm nmovdtlw drrectonue errporsd to ='Bi and 
t l l c d  elsclrons and to a partick tmm"'Am8nd 1% 
The detectors are also cooled In the v.cuun chamber by 
runnlng cold alcohol throu@~ the detector m. In the 
axperiments, the betocton are always cooled to a tom- 
psratue tmtwem Oo . n d - W C  by moms of a m  rubber 
tubing that carries running cold alcohol and.is looped 
around lhe detector houslng. The coollnp lowers the 
I e a k q p  current in lhe detector and usually lowers the 
electronic nolw. 

In the fkstphaaesof wdcaringkcbtecta 100pm 
thick was used to.nrlyu.II of- pvrickr in the beam, 
although it was realized Uut thi8 h not Um Id081 detector 
for all the particles. During this phase a number of im- 
m n t  problems were solved, tncluding monimlng the - ootlno wm-- Qat.aJldmngPiku0 
of pulbss. Attor the80 techniques were developed It be- 
cam clear that the thidtnoss of the wafer was a powerful 
factor fa ldmti tyying~dtf fer~  partlckr. whenitiebecrm 
enters the phantom, dl t)w prtlcl.r ueatokher minimum 
a nom m i n i m  ionkatktn. Brlnglng them pulses well orrt 
of Uw noise takes a detecwr between 700 and 500 gm to 
~~&IJCO kge enough pukes. For Ih. medim LET qoup, 
delbctwr from 100 pm down to 10 pm are appropriate. 
whereas for the high LET putldos bec8w.a of their shwt 
rang. detectors 10 r m  01 IUB .ro most mpproprbte. 

The proton beam (and @mrefa. the pkn krm)  ha^ the 
following time profile. The beam pulses occur at the rate 
of 120 prtsss/#c.andeachpubo b 550weckng. S b  
the inlonatty ol p i m h  Umm pub88 b uupltytoo hw fa 
counting experiments, a kw intemlty pulse (called a 1- 
In-10 pulse) is genermted In Um Injector once every ten 
pulses. This pufm was uI.d in Um early experknents. and 

monkor was gated with a gate @sa that coincided with 
the 14rb10 beam. ' h e  method was adequate but cum 
bermma. For axampla. It could not be uI.d 10 make 
measurements with patients dulng therapy. 

A different approach wa8 adopted. First, the detectors 
were m r ~  small in .rea about 3 mm2. For a run on a 
given pnriicie gorp um pbn praductlan target w u  pulled 
out of the beam untli only a fracth of the beam traversed 

always taken. This ensuod that thore was no plkup of 
pulses. One can expsct a small mor because of a d~ 

tector of stopping in the detecta. 

the O k m O I l i C  @#n hIClUdlng I -at0 SdM Stat0 

th. t8r-t a d  8 PbtOatJ Of CUJnt f8@ vl. p b  #rrm WIlS 

minished ebcb'on camporunt. The mrgnkude of thio error 
is stlii k i n g  Investigated, but It Is certainly less than 5% 
of the dose (0). Since the full pion beam IB now used, the 
ionization chambers at the end of lho beam line are used 
to monitor the beam. With me a particle group the count 
rate is low enough so that retracting the target is unnec- 
essary, and the full u r m  is put into the beam. 

THE FASHIONINQ OF PION BEAMS FOR PATENT 
IRRADIATION 

The initbi clinical studies on the UBO of negetive pions 
were made in patlentr with skin nodules a d  ~upsrticlel 
tvnors. l b s o  kradlations utilized the narrow tmmentm 
pion beam which stops In 3-5 cm of tissue. full wldth at 
half maximum. Tbkamhdan energy of wound 80 MeV 
and was attenuated and collimated by means of a brrrs 
cone filled wlth polyethylene. This unit is shown in Figure 
1. Difforent s i n  noso cows were used for different sire 
tumors. A final adjustment of beam penetration war made 

of the collimator. This method proved to be quite suitable 
for these clinical studies; however, H cannot be usad with 
deep-lying tumors. 

To obtain a broad plon peak. a range shl?ter is used to 
modulate Uw nurow poak by varying the residual range 
of the pions that emerge from the range rhitter. This 
modulation is accomplished by varylng the height of a 
column of oil in the path of the beam In accordance with 
a prescribed function (12. 13). In thls way beams have 
been mado with the peak spread over a depth of 5-10 cm 
along the central axls. Figure 2 is a schematic drawing of 
the range shifter in place above a phantom. 

Beamshave beon mado wMchgb a vlitorm total dose 
on the central MIS. Such beams, however, In genwal do 
not give a uniform biological responss because (as will be 

by mbans of polyethylene Shm that were addsd to tlo top 
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shown f.tsr)tho distal portion of lhe beam contains more 
hi#i LET doso than ths poxlmrl reglon. All of the range- 
shlftsd beams usad with patients have downward slopes 
in total dow with depth. lhus compensating for the nonu- 
nifmity of tha high LET dose. We h v e  used sllicm de- 
tectors to maswe l i ~  LR componantr M a function of 
deplh of ¶hose basms. and thew msswements have 
povltjed a great deal of inslght Into the nabre of these 
beams and a basis for judQing their rultrbliity for Wa- 
w- 

ANALYSIS OF THE DATA 

Ths detector toglmar wfth tho *Iemonlcr b calibratd 
so thet tor a g h n  emplifketion of UIO main amplifier, a 
pulw In the l'lh channel of th analyzer represents a car- 
tain enof# in keV deposited In the detector. This energy 
Is called /E,. The spectrum of pulses represents all the 
energy deposnions in bhs detector. Let N[ be lhe number 
afwdrpulses in ttm mchemel, md kt tbs the r h i i n s s ~  
of the detector in microns. Wo now Wine a quantity 

f, = EJr keV/@m 

which Is the energy d8poslt.d per untl thickness of the 
detecta. quantity plays approximately the same rob 
f-8 s l 8 b d e ~ m t h  I h a I  energydoes i n h  case of 

ths spherical proporlional counter.) The spectrum N, vs. 
Pi Is commonly called the "event spectrum" in micro- 
dosimdry. We extend the meaning of this term here to 
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Ca8.5 in *dl ms prvtlck rrray not QothrwghttKfdetScta 

-velms ~ d s t s c t a r  a ridltmgb6, m P, Is also WWLET 

but stops in the detector. It was pointed out before that 
since w inltlalbmun bwry dosatyr parellst bsamvhlch 

of U ~ a e  Wicbn. This is not hue for the other particles; 
the Wclm In the prom ~ o u p  and the a particle group 
enter the detector at all engks. For the present these 
groups are divvldsd rrpproximrtely by the size d the pulses 
observed. With wry tMn dllcon detecton. it is posslble to 
L n f d d I h e ~ e v a d s p S c m m  imaths LET- 
of thaw partkh (14). 

The charge cdloctad krthamonltor bniuuonchsmbw 
is dlgitked. Let tho number of such monltor ur11i.s be des- 
Ignatd by Nm. lb v d s p o d t c l d  In the I'thchennrlw 
unit mnw of silicon and per monitor unit, tl, is, therefore, 
given by 

W o  A is the area of the datbctor and p is the denslty of 
silicon. 

The onorgy dqwsitsd per monttor count per  unit mass 
of tissw fa (I glwn group o? partides is given by 

* I  I NPipANm 

power in tissue to ths mass stopplng power In silicon and 
is a slowly varying function of the energy and type of par- 
tick. 

As we go from electrons to a particles and recoils. we 
cover a range of Pvalues from a few tenths of keV/pm to 
hundreds of keVlcrrn in silicon. To cover thls range, it is 
helpful to use a loprithmlc scale in P. We also define a 
functlon 99, such that tho area under this curve is the 
dose per monitor unit in any intervat of logl0P. 

C is a constant which depends an the units used. The plots 
of 49 m. logtoPat dlffwmt positions in me phantom give 
one a good understanding of th details of the energy 
loacc~ being obsavd. At ltu same time the division of the 
doses Into the Woo groups melnmlns a view of the physics 
and giver one a direct pidure of the role of the dlfferent 
particles at different depths in the phantom and in the pa- 
tknt. 

The event spoctra obtalned by the analyzer are put on 
magnetlc tape, and the calculrtionr and plots dsrcribed 
above are made on a CDC 6600 computer. 

W J  = cx: ~J~DgIO(~Hll4) 

WhSTs the summion b taken OWI (h. channels that CQW 
the group of psrtrcks. is lha ratlo of the mus stopping 

Tune No. 23 is our basic msdlum energy tune. When it 
is used with various motions of the range shifter. it pro- 
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ducw a number of tho patlent beams. The pions have a 
t a w  of about 16 cm In tisun. l'hoonvekpeof the beam 
m~arsd in the p h  psrpsndiarbrtopw tnroctkn of me 
beam b 7.5 X 4.9 cm nns (root mean sqwe) (8). To 5 W y  
this- a700 pmlMdc d.t.cbor was uwd forthe low LET, 
and a 50 pm dstector we8 used fw tlu medium and hlgh 
LET. lbS8  thicknsvrerers not ideal. but nevmmlms the 
data give insight lnto the nakm of &Is tune and also show 
ths useful- of UmlchniOull. Figwe3 ahowr Ihsrscent 
data onthebehvior ofthe uwee Ln pupson me COnml 
axis of the beam. It Is lmpomntto noto that in- plateau 
region the pion-interactions In flight am few and there Is 
very little medium and hie LET dorr, in thls reglon. 

Tha b w  LET goup ts interesting,'- as the pions 
and muOnr move into the phantom, their LET in- 
creases in accordance wilh the &age mlatlonshlp. the 
electrons stay at mhhun ionization. Thir is ahown in the 
series of curves of Flgwe 4. The plots glvo the function 
gPj ys. logtoP at dlfhrent positions In the phantom. A 
small error is pressnf here dw to a pytlclo8 and protons. 
etc. which glve pulses In tho detector in this interval of P, 
namely 0 . 2 4  koVljm. It can easily bo drown from the 
data tha! this error ir bs8 thn 10% ot tho 8ose In this 
group. - 

Figwe 5 shows 99 plottsd ys. logl0Pfor the medium 
and high LET group. Tho d.t. u e  shown st 18.2 g/cm2. 
With a 50pm detector most of the a putlcles stop In the 
detector and the total energy is being rocodd. For the 
tima being, the dividing point at P = 30 keVlpm. that is P - 1.5 MeV, hes been chosen u aepurting medium and 

high LET. with thinnw detectors this portion of the spec- 
trum will becorn clsaror. 

There is a speclaf manlng to the high Ln doss distrl- 
bution. Since it is dw to the particis8 which trawl only a 
few millimeter8 from where they are produced, the dis- 
tribution represents the stopping dlstrlbution of the pions 
for that beam. When the pulses observed in this way are 
summed to obtain tho total dose, the distribution on the 
central a ~ i a  aqem wail with the total doses obtained with 
an ionlzation chamber (3). This ir) shown in Figure 6. Thus, 
the silicon detector not only separates the dlfferent com- 
ponents but also behaves like a good dosimeter. 

One of ths first studies mado with thls technique was 
of a beam deslgnd for the treatment of a young patient 
with me-. The coillmtor shown In Figue 1 was used 
and the nose c m  had an openlq for the beam 5 cm in 
diameter. The distributions aro JIown in Figwe 7. and the 
comparison with the total dose is shown in Figure 8. A 
single 100 pm probe was used for all three components. 
This method gives an approximate separation of the 
components. the cutoff batwwn medium and high LET 
was taken for pulsm wlth an energy of 10 MeV. This di- 
viding llne is quelitptiw. There distributions taught US that 
the two peaks in the total doss distributkn w e  of different 
character. 

We show next recent data on a beam w h i i  is produced 
wlth tune No. 23 and the range shhMer function designated 
8L. The purpose of the different r a w  shifter functions is 
to obtain distributions over wide deeplying regions of 
tissw with a given drop-off in the total dose from the 
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proximal to the distal point. FCU mh m o or 
about 20% was chosen overadepth of 8 cm. 

two btecton were usad to measure the thee dose 
comfmms: a 102 rm wafer was mod for the low and 
apationofthsmediumLETqorp,Mdan 18.1 pmwafer 
was used for the remining wlon of lba medium LET 

h F m e  9. f i i  10 shows the 49 y8. w loglo 
of the event size, P, In the plateau and the peak regions. 
R.re 102 pm p l o b  bmtsme~ piom well but missas sum 
of the skcaons and muons. The hi@ LET group is clear 
fromflgue lO.B.ltappe!u8asafahlrlybroadpsakwhich 
b charectwlstic of all lhtI &ita. Of cowso this peak is not 
present In the plat+ru region (Fig. 10. A). Tho overlapping 
of these spectra wlth different detectom is m essential 
test that Ihsexpalmsnthasbeen~curectlyandthera 
is no plkup of pulres. 

Figure 8 also shows a cofnpu!aon ol th. total doses 
obtained with the Ionization chamber and the silicon de+ 
tector fawIbsM1. The agscnrsnt b pod. Them results 
show the value of choosing different thicknesses of de- 
tectors tor the different regions. When lhtI detectors for 
the medhun and high LET fractions are thln enough corn 
wed to the nngm of the pmtkles, the event 8pectrum 
can be unfolded into the LEf spectrum. 

A single 100 pm detector was used tor the masure- 
mnts of UW mi two b8amsStudbd. The next bsam was 

 roup ud rortmhim LET grorg. fhs w~n 

used primarily fa radiobiological studies. Here ths total 
dow was mad@ as uniform as possible. Figwe 11 shows 
the dlstributians of the dom c o ~ n t s ,  uld Figure 12 
shows the comparison of thb total dose distributions, all 
on vte cbntnl axis. 

Finally, we &ow tho Wibutims of a kMI mrrk with 

beam was wed with two patients wlth head and neck le- 
sions. From the ciinlcal data on skin nodules (1). it waa 
d e c i d 8 d ~  tho REE In the distal portion ofthe beam was 
approximately 1.4 and that to obtaln e uniform biologicel 
effect, a dropoff In doso to 70% of its original value was 
appropriate. Flgure 13 shows the behavior of tho dose 
components a d  Flgure 14 the compartson ol the total 
dose on a reletlve rcrk. Th cut betwoen modhand hW 
LRQsb wmmsbs at 4 MSV plw. W M a  100 pm probe 
this separation IS quelitativs. mess c m s  are intended 
to show that- mdlum ud hi(trLETdo8es tend to peak 
distally for the varloua beams we have rtudkd and varlous 
shapes ot ths total dow can be used to compensate fff 
this effect. 

-NO. 23 ud8rUi90- blCthldariq\arsd 81. This 

DISCUSSION 

Pion beam t h t  am fuhionod for radiotherapy have a 
certsin LET stmctwe. this structure Is not an isolated 

very different putlcler In the rrdlatlon field. The three 
~ w p s  which are characterized as the plon group. the 
proton group and the a particle group not only have dif- 
ferent speclfic bnlzatlom brd also different ranges. In 

phmomenon: It Is due to the presenca of thrw ctBs808 of 

TCM 23 
R4m SHIFTER FUNCTION IC 

COPIED FOR 
HS 33401 008 



working rrlth- pion bsunr It k useful to kmp 
in mhdtho fhr.. types ofdoees. 

To foilow the balm* d the- woe p u p s .  we have 
land Iho .olidstate detecbr to be almost an kbal probe. 
Besides the b8JC pIopwty of linearity of response, 

is physicaJty mm1L Shis mekes for very little 
dis- of the rkxe di&trikdkns k ing  mansurd. The 
fact !hat W probe h not tissue equivalent b not a signifi- 
cant drawback since the convurkn to tissue is easily 
made, The freedun to me different thicknesses of de- 
tectors ta th. diffm- -t8 L of vmt knpor- 
tance. 

of the detectors m 8ccwately as pomibb. This b not a 
simple nmttw 8- the detectors are small. For the 
p r a m  ou data on actual dams uo subject to a 20% 
uncertainly bmcerurr of possible e w s  in this factor. We 
haw kmmd to have tho detectws made more carefully 
with this probkm in mtnd. To check the arem given by the 
supplier, wa have mado radiographs of !he detectors and 
have found good agreement between lhe quo!& and 
measured arms. In the *e the accvacy of the doses 
will therefore be qmny knprwd. 

ThspiarrcrrfbtiarRe&tmm vuyfwonbkgemelrlcal 
dlslrlbuth. Thoro is 8 goat deal af skin and tissue 
sparing, not onty In terms of total dow, but also in term8 
of high LET dose. We so0 from all of the distributlom that 
the hlgh LFT component is confined to tho treatment VOC 
m e  on the central axis. With more sophisticatad h a m  

~ ~ l a r l a u n g t h s ~ a ~ ~ w k n o w ~ ~  

I TUNE ?S, RS fUNtf)ON BI 1 
tissue sparing can be extended sa ihet onty the troatmnt 
volume has stopping pions in it. 

One of the moa interesting developments of fhis 
technique is the use of this pobe in vivo; that is, with pa- 
tients during treatment (15). We can chack the treatment 
on skin, ir) the oral cavity a d  rectum of patients to make 
sure that both the totel dose and the high LET dose agree 
with the treatment plan. 
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