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ABSTRACT 

Measurements were made of the most probable energy loss in silicon 

for pions of energies extending fran~ 365 MeV to 50 MeV. The results 

agree within 2o/o with the theoretical valu~s. The behavior of the pion 

beam with its inherent muon and electron contaminants, as it passes 

through various thicknesses of absorbing material, is displayed. Finally 

the energy distribution of negative pion stars in silicon is measured, and 

is found to be a constantly decreasing function with increasing energy, 

with the high-energy tail extending beyond 60 MeV. 
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This study was initiated because of recent interest in negative pions 

for therapeutic applications 
1

-
4

). When a negative pion is brought to rest 

in a medium, say tissue, it may be captured by a constituent nuclei, re-

sulting in "star" events. In such interactions about 20o/o of the total rest 

energy of the 11'- meson, that is, approximately 30 MeV, appearsin th~ 

form of a. particles and protons with ranges less than 1 mm in biological 

tissue
2

). It is very important to know the energy distribution of this pion 

star. Some m~asurements of the energy of these star fragm,ents have been 

made. using a diffusion cloud chamberS) and emulsions 6 ). Semiconductor 

detectors are used in the present investigation to look at the pion beam 

pas sing through various thicknesses of absorbing material and finally to 

measure the energy distribution of negative pion stars in silicon. 

Until recently it was not possible to use semiconductor detectors for 

detecting particles producing a very small ionization, such as y rays or 

very fast particles because the ionization was near minimum. This limi-

tation is due to the fact that these detectors had only a very small thickness. 

Now the technology has been improved and detectors several mm thick are 

available (see reference 7 for example) . 

... 
···Graduate Research Center of the Southwest, Dallas, Texas. 
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Semiconductor detectors have been extensively used for the detection 

of low-energy particles 8 >. There have been very few studies relating the 

application of these detectors to detecting high-energy particles at the 

9) . 
minimum-ionizing region. Miller et al. could observe a good peak for 

750-MeVIc 'IT- by using a silicori p-n junction detector. In addition, they 

could differentiate a mixture of positive pions and protons of 7 50 MeV I c 

momentum. The resolution they obtained for the detection of these high-

energy particles is o~ the order of approximately 34o/o, which is in rea-
. 10) . 

sonable agreement with the Landau effect. Van Putten et al. determined 

the most probable energy loss and energy-loss distribution of negative pions 

at 1. 50 and 2. 55 BeV I c, using a gold-doped silicon crystal. The results 

confirmed the density effect as described by Sternheimer
1
.
1 >. Koc.h et al. 

12
) 

measured the most probable energy loss of relativistic mesorts and protons 

(0.5 to _1.5 BeVIc) as a function o£ momentum for silicon. 

In practice a 'IT·:. meson beam contains an appreciable contamination of 

f.!. mesons and electrons. Lithium-drifted silicon detectors made as de

sc.r·ibed by Goulding. and Hansen
13

) were employed here to analyze the 
~- ~- . 

,:h;., •.'' I 

d9'tnposite beam, both directly and after being degraded by· absorbers. 

Measurements were made for both positive and negative pions. The meas-

urements of most probable energy-loss for pions in silicon were made and· 

compared with predicted values. Finally, sufficient Lucite absorber thick-

ness was used to degrade thebeam so that a substantial number of pions 

stopped in the silicort detector. The detector was then used to mea·sure 

the energy distribution of 'IT stars in silicon. 

·• 

.... 
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2. Calibration 

The experimental setup is shown in fig. 1. The test pulse generator 

is used to simulate detector pulses and to check the linearity of the elec-

tronic system. 

An Am
241 

alpha source and a Bi
207 

internal-conversion electron 

source are used for calibrating the pulse-generator output in terms of 

energy. Calibration and linearity checks are made for every experiment. 

The Berkeley heavy-ion linear accelerator (Hilac) accelerates nuclei 

to an energy of 10.38 MeV per nucleon. For helium nuclei the energy of the 

primary beam is 41. 52. MeV. The beam comes out through a vacuum column 

with a 1-mil aluminum window. The detector is enclosed by a housing 

(in order that a vacuum can be maintained) with a 1-mil Mylar windoW. 

The entire detector-holder assembly is surrounded with a 1/ 4-mil aluminum 

electronic shield. By applying the <?orrection for the degradation of the 

energy of the primary beam through these foils, the energy of the primary 

beam seen by the detector is found to be 40 MeV. A typical spectrum 

produced by totally absorbed a. particles is shown in fig. 2. In a detector 

where a particle is stopped, the resolution is a function of the detector 

and the electronic system. Values for full width at half maximum .from 

2 keV upwards (depending upon the type of experiment) have been obtained 

by many workers with semiconductor detectors exposed to monoenergetic 

particles, giving resolutions much less than 1o/o. Full width at half maxi

mum obtained in this measurement if 0.62 MeV, giving a resolution of 

1. So/o (when the detector is operated at room temperature). This poorer 

resolution is partly due to m.omentum spread of the beam and partly due 

to noise in the amplifier. · However, better resolutions can be obtained 

by operating the detector at low temperature and using better amplifiers. 
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The energy of the be_am based upon the earlier calibrationis 

39.88 MeV, which agrees very well with the primary energy of 40 MeV .. 

This agreement confirms the calibration and linearity of the system up 

to 40 MeV. Further experiments with a. particles confirm the linearity :··. 

of the system up to an investigated energy of 85 MeV; 

3. Determination of Detector Thickness 

The thickness of the detector depletion layer determines the energy 

loss fo:r particles passing -completely through the detector. In our case, 

the depletionlayer extends almost through the entire physical thickness 

of the detector except for a few mils on the Li side. The method used to 

measure this depletion thicknes.s is to determine the maximum energy 

deposited in the detector. The range of the a. particle whose energy 

' 
corresponds to this maximum energy is then obtained from range-el}ergy 

tables
14

), The 910-MeV alpha beam is degraded so that the energy of 

the emergent beani is close to the energy corresponding to the rang~ of 

the alpha beam in the detector. The response of the two detectors u;sed 

in the present investigations for a degrad-ed primary beam of 910-M~V 

a. particles is shown it?- figs. 3 and 4. 

For a. particles whose range is greater than the depth of the d~ple-

tion region, the charge-pulse amplitude froin the detector increases: with 

decreasing alpha energy until the energy corresponds to th<? depletion 

thicknes? .of the detector. A further decrease in alpha energy will cause 

a proportional decrease in charge pulse. It can be seen from figs. 3 

and 4 that t:fle maximum cutoff energy for the two detectors used (corre-

sponding to the range in the detector) is 70 and 83 MeV, respective!(' 

The corresponding ranges from range-energy tables are 0.45 and o.p1 
' ' 

g/ cm2 resp:ectively.14 )~ The physical thickriesses of the detectors as · : ': 
I 

. ~ 

l 

I 
l 

I 
I 

r 
I 
I 

_, ! 

.. ; 
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determined with a micrometer are bo/o greater than these· values. This 

difference is due to the dead layer on the Li side. The experimental 

accuracy in the determination of detector thickness is within about 2o/o. 

4. Production of Negative and Positive Pions 

The Berkeley 184-inch synchrocyclotron produces an intense beam 

of 732-MeV protons, and in their outer orbit they strike a 2-in. -thick 

. , ,beryllium target. When these protons collide with beryllium nuclei, 

0 + -
il' , il' , and il' mesons are produced. The experimental arrangement 

for il' is shown in fig. 5. To get a il'+ beam, all the magnetic fields are 

reversed, including that of the cyclotron. The magnetic lens system 

remains unchanged for pions of the same energy. The bending magnet 

removes particles of different Hp than the pions that are being used. 

The cyclotron produces pions in a range of energies of hundreds of MeV. 

In our experiments, we used il' of 37 0 MeV and both il' + and il' of 

95 MeV. 

The cyclotron pulses· 64 times per second, thus giving 64 coarse 

groups of pions per second. The mode of operation can be controlled so 

that these groups of pions can be spread .out over either of two periods of 

time. The ''short spill" mode spills the beam over a period of approxi-

mately 400 f.LSec. The auxiliary dee mechanism of the cyclotron makes 

it possible to spread each group of pions over a longer period of 8 msec. 

The long-spill operation results in a cyclotron duty cycle of about 51o/o, 

compared with 2.5o/o for the short spill. Long-spill operation is used 

throughout the experiment. Hence, for the detector exposed to pions at .. 

rates of about 10
3 
/sec, accidental counting loss should be negligible. 
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5. dE 
Experimental Results of dX .Measurements 

5.1. 365-MeV rr- Beam 

Pion beams are always produced with muon and electron contam-

ination. Depending on the energy of the pion beam and the focusing 

setup, the relative percentage of muons and electrons with respect to 

pions varies~S). The percentage contamination varies inversely with 

energy, and at 365 MeV the percentage contamination of muons and 

electrons is very small. 

Figure 6 shows the detector response obtained with 365..:MeV rr 

mesons. These pions are close to the minimum-ionizing region. There 

is a distinct pion peak whose corresponding energy is close to the theo-

retically predicted value. \The resolution is about 33%, which is in 

reasonable agreement with the -Landau effect. As we increased the thick-

ness of the copper absorber in the beam, the energy of the pion would 

be lowered and hence the dE/dx would increase,- with a concomitant increase 

in the energy spread.;. The experimental and theoretical values are in 

close agreement down to a residual energy of 164 MeV~ At lower energies 

this agreement is lacking, because of the uncertainty of the determina-

tion of residual energy which results from the constant increase in energy 

spread. 

The experimental values of energy loss in the 0.45-g/ cm
2 

-thick 

silicon detector, compared to the theoretical values as calculated using 

the Landau approximation, are shown in Table I. The residual energies 

of the degraded beam are. determined by using the range -energy tables of Rich 

and Madey17 ). 

,. 

. 'i 
l 
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+ Figure 7 shows the result obtained with a 95-MeV Tr beam whose 

muon and positron contamination is very small. Figures 8 through 10 

show the same beam degraded by various thicknesses of Lucite. A 

number of features of these data are interesting. 

First, the resolution is in reasonable agreement with the Landau 

effect~ Secondly, the peaks -are shifted to higher energies as the thick-

ness of the Lucite absorber is increased. Very interesting things are 

observed close to the end of the range. Figure 8 shows the response of 

the detector for a 95-MeV Tr + beam degraded with 7. 5 in. of Lucite. This 

thickness of Lucite is 1 in. less than the range of these pions. A small 

peak at 1.15 MeV is noticed in addition to the 1.98-MeV 'IT+ peak.' This 

small peak is due to iJ. + particles formed by the decay of Tr + mesons,. 

Figure 9 shows the response of the detector for the beam degraded by 

8. 5 in. of Lucite, which corresponds to the Bragg peak position. Both 

the muon and pion peaks are shifted to higher energies. At 10 in. of 

Lucite (which is beyond the range of pions), the pion peak has disappeared 

and the peaks due to positrons at 0.87 MeV and muons at 1.32 MeV re-

main. At 9.5 in. of Lucite plus 3/8 in. copper (because of the lack of 

space, copper is used to substitute for an equivalent thickness of Lucite), 

which is beyond the range of pions and muons; only the electron peak at 

0. 92 MeV is observed, as shown in Fig. 10. 

5.3 95-MeV Tr- Beam 

Unlike the other two beams, this beam is contaminated with approxi-

rna tely 25% electrons and approximately 10o/o muons. Figure 11 shows the 

response of the 95-MeV (189-MeV/c) negative pion beam, including its 

muon and electron contamination. Two peaks at 0.87 and 1.05 MeV are 
,, 

i ~ 
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clearly visible. They are due to electrons and pions, respectively. The 

\ 
muon contamination, being relatively small, is hidden in the distribution of 

electrons and pions. Figures 12 through 1'5 show the response of the de-

tector for various thicknesses of Lucite introduced in the beam. It can 

be noticed that as the absorber thickness increases, the relative height 

of the pion peak decreases in comparison with the electron peak. This 

result is due to a higher nuclear collision cross section of :pions in 

comparison with electrons. The results obtained with a. time-of-flight 

system confirms this behavior. As the thickness of Lucite increases, 

the peak due to electrons remains at the position corresponding to about 

0.87 MeV, while the pep.k due to pions shifts to higher energies. This is 

because t4e electrons of initial momentum 189 MeV/ c are still in the 

minimum-ionizing region, while the pion energy losses change conside.r-

ably as the thickness of Lucite absorber increases. Beyond the r.ange of 

pions (i.e'.,. for thicknesses greater than 8-5/8 in. of Lucite), the pion 

peak is absent and the electron peak persists. 

The experimental values of the most probable energy losses of pions 

(both positive and negative) are given along with theoretical values in 
' ' 

Table II. Since for lower energies the Landau approximation breaks 

down at large detector thicknesses, probable energy loss must be com

puted by using the rigorous Vavilov expression 
18

) as tabulated by Seltzer· 

19) 
and Berger . Values obtained by using the Landau approximation in 

this particular case would be about 3o/o higher than those.obtained by using 

the Vavilov expression. 
I 

The residual energy of the pion beam after 

passing through various thicknesses of Lucite absorbers is computed from 

range -energy tables 
17

). 

The agreement between the Vavilov-derived values and the experi-

mental valuea is within 2% down to a. residual energy of 44 MeV (corresponding 

-- l 

i 
'·! 

l 
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to a Lucite absorber thickness of 6 in.). At lower energies the agreement 

is very poor, as noted for 365-MeV rr-. 

6. Measurement of the Energy Distribution of Pion-Produced Stars in 

Silicon 

We obtained the Bragg curve for the pion beam with the argon- C02 -

filled ionization chambers in the classical fashion, using one chamber as 

a monitor followed by different thicknesses of Lucite absorber and then 

using the second ionization chamber .as a detector. For this beam the 

Bragg peak is obtained at 8-5/8 in. of Lucite absorber. Most of the pions 

stop in this region and create stars. The width of the Bragg peak at 50o/o 

2 
level is approximately 1.89 g/ em of Lucite. 

2 
The thickness of the semiconductor used in this study is 0.61 g/ em . 

Hence, if the detector were sitting at the Bragg peak position, a goo.~ ' 

portion of the pions would be stopped in the detector and create stars in 

silicon. In addition to the energy of stars formed in the detector because 

of pions stopped there, the detector at this position would also see the 

energy loss of the pions, muons, and electrons pa,s sing through the de-

tector. 

In order for the detector to see the energy distribution of the pion 

star alone, the energy deposited by the pions, muons, and electrons while 

passing through the detector has to be eliminated. This is achieved by 

using another semiconductor detector in anticoincidence with the analyzing 
~· 

detector. The schematic diagram is shown in fig. 1. In this way we can 

observe only the pions that stop in the analyzing detector (i.e., pion stars), 

and the rest of the events can be eliminated. However, sometimes one of 

the prongs of the stars in the first detector can pass through the second 

detector and cause anticoincidence, there,by losing some stars. This does 

I 

·I 
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not greatly affect the energy distribution of the pion stars. Figure 16 

shows the energy distribution of the pion stars. The upper curve shows 

the distribution without using the second detector in anticoincidence, 

so that the detector sees, besides the energy of the stars, quite a few 

low-energy events due to pions, muons, and electrons passing through 

the detector. The bottom curve is obtained by using the anticoincidence 
. . 

detector, thereby giving the energy distributlon of pion stars in silicon. 

The thickness of the detector corresponds to the range of approxi-

mately 84-MeV a. particles and 20-MeV protons. Therefore this energy 

aistribution of pion stars does not correspond to the total energy of the. 

star, but only to that fraction of the energy of the star fragments that is 

deposited in the detector. Most of the a. -particle energy a11d that from 

heavier fragments would be stopped in the detector. Indeed, this is also 

true for the protons with the exception that some -of the higher-energy 

protons may escape the detector, depositing only a fraction of their energy. 

On the other hand, neutrons would escape the detector most of the time. 

It can be seen from fig. 16 that the number of stars is a constantly de-

creasing function with increasing energy and that this star energy extends 

beyond 60 MeV. Since both the curves are for the same amount of charge 

collected in the monitor chamber, strictly speaking they should both coin-

cide up to about 10 MeV. However, the lower curve (for the anticoincidence 

detector) is less ·than the upper curve (for a single detector), thereby indi- . 

eating that some of the star events are lost when the anti'coincidence detec-

·tor is used, because some of the fragments pass through the analyzing 

detector and reach the anticoincidence detector. 

~ I 

f 
l 
i 

. I 
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7. Conclusions 

The lithium-drifted silicon semiconductor detectors used in this 

study give very promising results in measuring energy loss of high-energy 

particles. Indeed, the agreement between the theoretical and experi

mental values of energy loss is within 2o/o. The ·behavior of the pion beam 

as. it passes thro;ugh various thicknesses of absorbing material is dramat

ically displayed with instrumentation that is relatively simple when com

pared with other instrumentation used with high-energy machines. The 

composite beam of pions, muons, and electrons of the same momentum 

can be differentiated. 

The pion star energy spectrum is a co,nstantly decreasing function 

with increasing energy, with the .high-energy tail extending beyond 60 MeV. 

:An attractive feature of these detectors is that they operate as true:''· 

energy-measuring devices in that they do not exhibit the saturation effects 

of scintillator counters. 

'· 
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Table I. 365-MeV 'IT- Beam in 0.45-g/ cm
2 

silicon detector 

Thickness 
of copper 
absorber 

(in.) 

0 

2 

4 

6 

8 

Table II. 

Thickness 
of Lucite 
absorber 

(in. ) 

0 

2 

3 

4 

5 

6 

7 

8 

Energy loss (MeV) 
Residual 
energy 

(MeV) Theory Experiment 

365 0.596 0.60 

295 0.602 0.60 

230 0.616 0.63 

164 0.660 0.66 

92 0.794 0.82 

95-MeV 'IT Beam in 0.61 g/cm
2 

Si detector 

Theoretical Experimental 
Residual energy loss energy loss 

energy (MeV) (MeV) 
(MeV) 

+ Landau Vavilov 'IT 'IT 

95 1.08 1.05 1.07 1.05 

80 1.17 1.13 1.13 1.12 

72 1.23 1.19 1.18 

63 1.32 1.28 1.28 1.28 

54 1.45'::~ 1.40 1.35 

44 1.61 1.56 1.55 1.54 

34 1. 93 1.87 1.92 

18 3.20 3.21 2.40 
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Figure Legends 

Fig. 1. Experimental setup. 

Fig. 2. Spectrum of Hilac a beam~ 

Fig. 3. a. Spectrum for detector used with 365-MeV rr beam. 

Fig. 4. 
. .· ± 

a. Spectrum for detector used with 95-:MeV rr beam. 

Fig. 5. rr-Meson experimental arrangement. 

Fig. 6. Detector responseto365-MeV n beam. 

Fig. 7. Detector response to 95-MeV rr+ beam. 

Fig. 8. + Detector response to 95-MeV n. beam degraded by 7. 5 in. of Lucite. 

Fig. 9. Detector response to 95 -MeV rr + beam degraded by 8. 5 in. of Lucite. 
-:~:. 

Fig. 10. Detector response to··95;: ... MeV rr+ beam degraded by 9.5 m. qf Lucite 

and 3/8 in. of copper. 

Fig. 11. Detector response to 95-MeV rr beam. 

Fig. 12. Detector response to 95-MeV rr beam degraded by 3 in. of Lucite. 

Fig. 13. Detector response to 95-MeV rr beam degraded by 5 in. of Lucite. 

Fig. 14. Detector response to .95-MeV rr beam degraded by 8 in. of Lucite. 

Fig. 15. Detector response to 95-MeV rr beam degraded by 10 in. of Lucite. 

Fig. 16. Energy distribution of pion stars. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, 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 respect 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 behalf 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 
with the Commission, or his employment with such contractor. 






