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Abstract 

Linear Energy Transfer Spectra of 101 MeV 

Negative Pions Identified by Time-of-Flight 

Roger Clarke Newman 

The energy loss spectra in a spherical tissue- 

equivalent proportional counter at various depths in a 

tissue-equivalent phantom were measured for negative 

pions. The experiment was performed in the muon cave 

at SREL with a pion energy of 101 MeV. The Bragg peak 

for the pions occured at 25 cm depth in the phantom. 

Measurements were taken at depths of 12.5 cm, 25 cm, and 

27.5 cm. 

Two methods were used to differentiate the pion 

induced events from those due to muons and electrons. 

It was assumed that muon events would have LETs of less 

than 10 keV/micrometer, so all events with LET greater 

than 10 keV/micrometer were assumed to be due to pions. 

For events with LET less than 10 keV/micrometer, the 

particles were identified by their time-of-flight between 

two scintillators 3 meters apart. 

From the energy loss spectra, the distributions of 

track length vs. LET (T(L)), dose vs. LET (D(L)) and LET 

times dose vs. LET (L*D(L)) at each depth were derived 

and graphed. The dose average LET, and track average 

LET were calculated at each depth. The analysis showed 



that the dose in the plateau region (12.5 cm depth) 

consisted mainly of low LET events. At the depths of 

25 cm and 27.5 cm there was a considerable contribution 

from events with high LET. This property of pion radiation 

is one of its main advantages for medical purposes since 

at high LET, the OER is lower and the RBE is higher. 
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I. INTRODUCTION 

A. Radiation Quality and Absorbed Dose 

The quality of radiation refers to the spatial 

distrubution of energy transfers along and within the 

track of an ionizing particle, it is this feature that 

influences the effectiveness in producing physical and 

biological change in a system when other factors such 

as total dose, dose rate and fractionation of dose are 

kept constant (ICR70). Fractionation means giving the 

total dose in several fractions each separated by a 

period of time. 

Linear energy transfer (LET) is a parameter used 

to describe quality and is defined in the following 

manner: "The linear energy transfer or restricted 

stopping power (L&) is the quotient of dE by dl where 

dl is the distance traversed by the particle and dE is 

the mean energy loss due to collisions with energy 

transfers less than some specified value a . 

LA “ ($)* ’ <ICR70> 

L^ refers to the LET when all possible energy transfers 

are considered. This is equal to the linear collision 

stopping power (ICR71) . 

The L^ distributions with Â are usually determined 

by calculations using present knowledge of the mechanisms 

involved in slowing a moving charged particle (ROS68). 

The LET distributions derived from this experiment were 

with *2. co. 
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The absorbed dose is a measure of the amount of 

energy imparted to matter at the point in question. It 

is defined as the quotient of dE by dm where dE is the 

average energy imparted to a volume element of matter, 

and dm is the mass of that volume element, D=dE/dm. The 

unit of absorbed dose is the rad, which is defined as 

100 erg/g. 

B. Experimental Determination of LET Spectra 

1. T(L), D(L) and L*D(L) Distributions 

The actual quantity measured in the experiment is 

the distribution of energy loss in a spherical proportional 

counter. This distribution, F(E)dE, is the number of 

events depositing energy between E and E+dE, in the 

ionization chamber. From this distribution the following 

distributions can be derived: the distribution of track 

length T(L), where T(L)dL is the fraction of the total 

track length of the particle having LET between L and 

L+dL; the dose distribution D(L), where D(L)dL represents 

the fraction of the total dose delivered with LET between 

L and L+dL; and finally the distribution L*D(L)• This 

last distribution is interesting because it accentuates 

the fact that the dose at high LET is more efficient at 

causing biological damage, by multiplying the dose at 

high LET by a larger factor, and the area under the curve 

represents the dose average LET (GRA72). How these are 

derived is shown in the data analysis section. 
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2. Assumptions Made in the Determination 

Conversion of the experimental data to LET spectra 

is based on two assumptions that are met to a varying 

degree in actual practice* It is assumed that the 

particles traverse the sphere in straight lines and that 

the particles have a negligible change in LET during 

traversal. The limitations of these assumptions and the 

effects of their not being met are discussed in ICRU 

Report 16 (ICR70) . 

According to the ICRU report, the assumption of 

straight line traversal is usually not valid for electrons, 

where scattering cannot be ionored. For heavier charged 

particles, this assumption is usually justified. How 

well the other assumption is met depends on r, the 

effective diameter of the sphere (controlled by the gas 

pressure). As r is increased, the changes in LET during 

sphere traversal increase. This is due to two factors. 

First, as r is increased, the amount of energy lost by 

the charged particle increases and dE/dx is a function 

of the particle energy. Also, as r increases, the 

probability of incomplete traversal (particles beginning 

or ending their tracks in the sphere) increases. 

Decreasing the gas pressure to reduce this distortion 

increases the statistical fluctuations in energy lost 

in the sphere. Since LET is a concept involving the 

average energy loss, these fluctuations also prevent 
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proper analysis. There is no range of pressures where 

the pulse height spectrum is independent of r. 

Further, the ICRU report states that the effects 

of not meeting these assumptions is difficult to determine. 

If scattering is significant, the LET distributions will 

be biased toward the high LET region. Incomplete traversal 

will have the opposite effect. Statistical fluctuations 

for high energy loss are small and symmetrical simulating 

poor counter resolution. These fluctuations for low 

energy loss are assymmetrical and their effect is harder 

to determine. In all casses, however, the LET distribution 

is broadened. 

3. Average Values of LET 

Since most radiations do not have a single value 

of LET, but a distribution of LET, it has been useful 

to use some average value of LET when comparing radiations 

of different quality. The two most widely used are the 

track average LET, *LT and the dose average LET, L0. The 

track average LET is defined as L^ *= J" T(L)LdL and the 

dose average LET is defined as L^ = J~LD(L)dL. 

C. Uses of LET Distributions and Their Averages 

1. Dose-Response Curves 

In studying the response of biological systems, it 

was found that equal absorbed doses of different types 

of radiation (X-rays, protons, neutrons, etc.) often 

resulted in different levels of response. To study the 



5 

response, dose-response curves are used to compare the 

responses of biological systems to radiation. The shape 

of these curves depends on many factors including the 

type of radiation used (it's LET), the response being 

considered, fractionation of dose, dose rate, etc. In 

general, these curves fall into three categories shown 

in Figure 1-1. These dose-response curves represent the 

fraction of surviving cells versus the absorbed dose. 

2. Relative Biological Effectiveness 

The relative biological effectiveness (RBE) of one 

radiation compared to another (the reference) is defined 

by the ICRP (International Commission on Radiation Units 

and Measurements) as the ratio of the absorbed dose of 

the reference radiation required to produce a given 

effect to the absorbed dose of the radiation in question 

to produce the same effect when all factors except LET 

and the absorbed dose that influence the effect are kept 

constant (SIN69). 

There are many factors that may affect the RBE of 

two radiations; 

1) The nature and condition of the biological 

system; oxygen concentration, physiological state, stage 

in the cell cycle, and nutrient conditions, etc. 

2) The effect being considered; lethality within 

a given time, mutagenisis, etc. 

3) The magnitude of the effect being considered 



Figure I-lï "Types of response curves. (A) Single-event 
response S=e kü for k=.01 rad"1 . (3) Multievent response, 
approximates S=l-(l-ëkD )n , with n=4, k=.0067 rad-1 . 
(C) Continuously increasing rate of response." (SIN69) 
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and the type of dose response curve encountered* 

4) The distribution of dose in tine (dose rate, 

fractionation). 

5) The distribution of dose within the biological 

material. 

Factors 1, 2, and 4 should be kept the same for the 

irradiated and control specimens, and should be stated 

along with the results. Because the response curves may 

be different, measurements should be made at several 

different levels of effect and thus establish the dose 

response curves of each radiation. The last factor is 

often the most difficult to deal with since radiations 

of different LET often have different penetration 

properties. If the biological system under consideration 

is small (i.e., cells in suspension) the dose distributions 

will be more homogeneous; however, the size of specimens 

is often dictated by their nature (rats, rabbits, etc.) 

and differences in the dose distribution must be accepted 

(SIN69). 

Figure 1-2 demonstrates how FJBE is obtained from 

the various types of dose response curves. In this 

figure, LDRo refers to the dose which causes 50% of a 

population of animals to die in a given period of time 

(SIN69). 

The reference radiation usually used is 200 or 250 

kVp (kilovolt potential) X-rays with half-value layers 
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Dose Dose 

Figure 1-2: "RBE determinations for different types of 
response, where s and t refer to the reference and test 
radiations, respectively. (a) Response like curve A, 
Figure [1-1]: RBE=ks/k., (b) Response like curve B, 
Figure [1-1]: 

K D 

4or Y\^-r 

(c) Response like curve C, Figure [1-1]: RBE varies 
with dose. (d) Response exhibited by limited group of 
whole animals: RBE = (LD^ ) /(LE^0) (SIN69) 
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between 1 and 2 mm Cu. The half-value layer is the 

thickness required to reduce the exposure to 1/2 of its 

original value. Exposure is defined by the ICRU as "the 

quotient of dQ by dm where dQ is the absolute value of 

the total charge of the ions of one sign produced in air 

when all the electrons (negatrons and positrons) liberated 

by photons in a volume element of air having mass dm are 

completely stopped in air." (ICR71) 

So far, studies of RBE of radiations of different 

LET have not led to useful interpretations of radiobiological 

mechanisms. The general features of radiobiological 

response with LET are quite well known. Since very few 

radiations produce a single LET value, even in thin 

samples, some average LET must be used. Figure 1-3 shows 

a graph of RBE verses LET (L^) modified from a diagram 

by Tobias and Sandhaus (unpublished) for four different 

classes of response. The reference radiation for these 

is 200 kVp X-rays (SIN69). 

3. Quality Factor 

In the area of radiation protection the ICRP has 

selected certain values of RBE from the literature and 

designated these to be values of quality factor, QF. 

These are not to be confused with RBE and are used only 

in determining the dose equivalent. The dose equivalent, 

DE, is defined as the product of the absorbed dose D, 

the quality factor, QF, and the product of any other 
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Figure 1-3: "RBE versus LET for different classes of 
biological responses. Modified from a. diagram by Tobias 
and Sandhaus (1963)(unpublished) (SIN69) 

"Class 1: Killing in some viruses and bacteria and 
inactivation of enzymes. ... Generally the response 
versus dose has the form of Curve A, Fig [1-1]. 

Class 2: Killing of many small microbial (bacteria) 
and plant cells and inactivation of oxygenated haploid 
yeast. 

Class 3: Killing and various other responses in 
mammalian cells and tissues, plant cells with large 
chromosomes, haploid yeast in air nitrogen and diploid 
yeast in air. The dose response is generally of the 
form shown by curve B, Figll-l). 

Class 4: Some effects on growth and killing in the 
broad bean root, chromosome breaks in Tradescatia 
microspores, and killing in Stichococcus. ..." (SIN69). 
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modifying factors, N. The quality factor accounts for 

the differences in LET of different radiations. The 

other modifying factors N become necessary in certain 

cases to take into account non-uniform distribution of 

absorbed dose, absorbed dose rate, or fractionation of 

absorbed dose (ICR69). The relationship between the 

quality factor and LET is given in Table 1-1. When there 

is a continuous absorbed dose distribution in LET the 

dose equivalent is found by 

4* Oxygen Enhancement Ratio 

The oxygen enhancement ratio, OER, is defined as 

the ratio of the dose required to produce a given effect 

under anoxic conditions to that required under aerobic 

conditions (KAT72), This ratio can be obtained from 

dose response curves derived for a given radiation in 

the presence of oxygen and in the absence of oxygen. 

The OER will be affected by the same factors that affect 

RBE, and similar restraints must be put on experiments 

attempting to find OER values. The OER tends to decrease 

with increasing LET of the radiation being tested. 

In Figure 1-4 variation of OER with LET is shown 

for human T-l kidney cells (BAR66) and for P-388 murine 

leukemia cells (BER70) • 

DE D(L)QF(L)dL (asstiming N=l) 

Or, the mean quality factor can be found by 

(ICR71). 



Table 1-1 
Values of Quality Factor as a Function of LET. 

LET in Water Quality 
keV/micrometer Factor 

3.5 or less 1 
7.0 2 
23.0 5 
53.0 10 
175.0 20 



Figure 1-4: OER versus LET of the radiation used 
(BER70). The trangles are for 250 KVP X-rays and the 
circles are for charged particles. The open symbols are 
from experiments with T-l human kidney cells performed 
by Barejidsen, et al, (BAR66) . The solid symbols are 
from experiments on P-388 leukemia cells performed by 
Berry (BER70) . 
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D. Advantages of High LET Radiation 

The LET of charged particles is a function of their 

energy. For energies used in radiation therapy, the LET 

of charged particles increases with decreasing energy 

of the particle. This characteristic of charged particles 

is shown in the Bragg curves of charged particles. The 

Bragg curve is a plot of the number of ion pairs produced 

per unit path length (specific ionization) versus particle 

energy. Charged particles have a peak in their Bragg 

curves at the end of their range. Figure 1-5 shows the 

Bragg curve of alpha particles in air with the energy 

displayed as the residual range (PRI64). Bragg curves 

are the sane as depth dose curves since the dose is 

proportional to the number of ion pairs produced. 

When negative pions interact with natter, they 

produce a similar Bragg curve; however, at the end of 

their range, they interact with the nuclei of the matter 

which are broken up into a number of short-ranged, high 

LET, heavy particles,(alpha-particles, protons, Li nuclei, 

etc.). Figure 1-6 shows a theoretical curve of the depth 

to entrance dose ratio for a negative pion beam contaminated 

with electrons and muons (65% pions, 10% muons, 25% 

electrons) at 190Î5 Mev/c momentum. This curve was 

calculated by Curtis, et al. (CUR68). The dose at depth 

is not only higher, but it is delivered at a higher LET. 

The advantage of pions in radio therapy then comes 



Figure 1-5 ï Bragg curve for alpha particles in air at 
15#C and 760 ran Hg. (PRI64) The LET of these alpha 
particles in air can be found by the equation LET=SI*W 
where SI is the specific ionization in air (ion pairs 
produced/cm) and w is the average energy required to 
produce an ion pair in air ''•35 ev/IP. At the Bragg peak, 
LET=2254. keV/cm. (HEN70). 



Figure 1-6 ; Depth-dose curve in water for negative pions 
of incident momentum 190 Î 5 MeV/c. (CUR68) 
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from both the high âose delivered at depth along with 

the increased RBE of the radiation in the Bragg peak. 

Since large tumor masses often have poor circulation, 

and are therefore deficient in oxygen, the lower OER at 

high LET also contributes to the advantage of use of 

negative pions. 
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II* Experimental Set-up 

A. Ionization Chamber 

The ionization chamber was a spherical tissue- 

equivalent proportional counter. Tissue-equivalent means 

the material in question contains the major elements 

found in soft tissue in similar proportions. The chamber 

was filled with tissue-equivalent gas. A thin aluminum 

shell enclosed the spherical chamber to form a vacuum- 

tight seal and to allow the chamber to be immersed in a 

tissue-equivalent fluid phantom. The instrument was 

used to accumulate a pulse height spectrum proportional 

to the energy deposited in the sensitive, volume. 

Figure II-l shows the instrument. 

The spherical chamber was made from tissue-equivalent 

plastic (Shonka type A-150), 1.27 cm internal diameter 

with .127 cm wall thickness. A collecting wire, .00457 

cm in diameter, was positioned along a diameter of the 

spherical chamber. It was surrounded by a field equalizing 

wire helix with .0787 cm inside diameter. 

The aluminum can covering the chamber was .0178 cm 

thick and provided electrostatic shielding and a vacuum- 

tight seal. The center of the chamber was about 30 cm 

from the nearest point of the connector block. The 

chamber was attatched to the connector block by a .635 cm 

o.d. aluminum tube. The chamber wires ran through this 



Figure II-l: The 1.27 cm LET chamber used to get the 
energy loss spectrum. 
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tube and were attatched to the connector block. 

The connector block was sturdy and was used to clamp 

the chamber in place. The block was not waterproof, but 

had gaskets to prevent serious moisture problems. The 

block held two electrical connectors and one quick-connect 

gas connector. 

One electrical connector was an HHV high voltage 

connector and was marked II.V. The other connector was 

a BNC and was marked SIG. This connector was for the 

output signal. The detector capacity was 17 pF. The 

detector was designed to operate with the central electrode 

at a high positive potential (typically 400 to 800 

volts) • The gas connector mated to a Svragelok 400-1/4 

QC-200 DESO type spring loaded plunger which set against 

elastomeric O-rings providing a gas-tight seal. To fill 

the chanber with gas, first it was pumped down to from 

-3 -A 
5.0*10 to 1.0*10 run Hg. . Then the detector was 

filled to approximately 500 mm Hg with the tissue- 

equivalent gas. Then the chamber was pumped back down 

to 5.0*10* to 1.0*10amm Hg. This procedure was repeated 

several times. Then the chamber was filled again to a 

pressure above the operating pressure, and then pumped 

down to 69.7 mm Hg, which was the operating pressure 

used. Experience has shown that the gas filling tube 

could be "snapped off" with no detectable change in the 

gain of the instrument. 
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The tissue-equivalent gas used was composed of 

39.416% C0a, 5.336% and 55.248% propane (by volume). 

With this gas, a pressure of 69.7 mm Hg made the 1.27 

cm diameter equivalent to 2.03 micrometers of 1.03 g/cm 

tissue. 

The chamber had an internal Cm 244 alpha source, 

which emitted 5.8 IleV alpha particles for calibration. 

The source was gravity operated. When the stem of the 

instrument is horizontal with the name plate down, the 

source falls into a position from which the aplha particles 

can enter the chamber through a collimator such that 

they traverse a diameter of the sphere. When the stem 

is in the vertical position with the sphere down, the 

source falls into a position in which the alpha particles 

are shielded from the sensitive volume of the detector 

(EGG74). 

Figure II-2 shows the phantom that was used in the 

experiment. The phantom was made from plexiglas. The 

entrance and exit ends were .32 cm thick and the sides 

and bottom were .64 cm thick. The phantom was filled 

with tissue-equivalent fluid consisting of 28 liters of 

water (28 kg), 2.79 liters of urea (3.69 kg) and 13.1 

liters of glycerol (16.51 kg) . The total volume was 

43.90 liters with a mass of 48.2 kg, and the density was 

1.09 g/cm . 



35-5 cm 

 50 cm  
Side view with ion chamber 

Top view without ion chamber 

Figure II-2; The plexiglas phantom used in the experiment. 
This was filled with tissue-equivalent fluid. 
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B. Layout of Equipment 

The experiment was set up and performed at SREL 

(Space Radiation Effects Laboratory) by Dr. Morris 

Taylor. The equipment layout for the runs with 

time-of-flight tagging are shown in Figure II-3. The 

phantom was placed 226 cm from the beam entrance wall 

of the "muon cave" at SREL. There were two scintillators 

in the beam in front of the phantom. These scintillators 

were 3 meters apart. Identification of the particles 

in the beam was done by measuring the time-of-flight 

between these two scintillators. The second scintillator 

was 12.7 cm in front of the phantom. The low gain (high 

LET) runs were done with no time-of-flight tagging. For 

these runs, the apparatus was moved two meters closer 

to the wall. (The apparatus was moved to increase the 

counting rate.) This change made the distance between 

the two scintillators one meter. 

C. Electronics 

1. General Method 

The object of the experiment was to measure the 

energy-loss spectrum of negative pions. Since the pion 

beam also included electrons and muons, some method of 

particle identification had to be used. The maximum 

energy loss for muons and electrons is well below that 

for the products of pion-nucleus interactions. So any 
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events with energy loss above this maximum energy loss 

were due to pions. For energy losses below this maximum 

energy loss the time-of-flight between two scintillators 

was used to identify particles. 

2. Analogue Electronics 

The energy loss spectra were measured in four 

segments since the range of interest covered four orders 

of magnitude. Two segments were taken simultaneously 

by splitting the signal from the preamplifier and putting 

the signal into two amplifiers with different gains. 

The first two segments were set to count the entire 

spectrum of energy loss due to muons and electrons, thus 

the last two segments covered energy loss events due 

entirely to pions and did not require the time-of-flight 

tagging. 

After recording the energy loss spectra with the low 

gains, the gains were set back to the original high gain 

values and one spectrum was taken at each depth with no 

time-of-flight tagging. These spectra were recorded to 

obtain better statistics in the high channels of the 

lower of the high gains. These events are above the 

maximum energy loss due to the electrons and muons and 

therefore, are due to the pions. 

3, Fast Electronics 

The electronics layout is shown in Figure II-4. 

The beam sync pulse was used to keep the electronics 



F
i
g
u
r
e
 
I
I
-
4
:
 
T
h
e
 
l
a
y
o
u
t
 
o
f
 
e
l
e
c
t
r
o
n
i
c
s
 
u
s
e
d
 
t
o
 
o
b
t
a
i
n
 

p
u
l
s
e
 
h
e
i
g
h
t
 
s
p
e
c
t
r
a
 
a
n
d
 
i
d
e
n
t
i
f
y
 
p
a
r
t
i
c
l
e
s
.
 



16 

dead during the very intense front edge of the 

synchrocyclotron beam burst, allowing the system to count 

only during the end of each burst. The requirements for 

accepting an event during the runs with time-of-flight 

tagging were; that there was an event in both scintillators, 

that the computer was not busy and that there was an 

output pulse from the high gain amplifier (along with 

the beam sync requirement stated earlier). For the runs 

without time-of-flight tagging, the requirements were 

that the computer not be busy, and that there was an 

output from the high gain amplifier. The ADC's generated 

update commands to two CAMAC registers of a CAMAC unit. 

The time-of-flight was converted to a digital number in 

another CAMAC unit. A differential CAMAC scaler recorded 

the number of events producing pulses in both scintillators 

between events that v»ere accepted, \1hen an event occurred 

that met the above requirements, the registers from these 

three CAMAC units were read into the computer. An event 

was represented by four quantities: time-of-flight, pulse 

height in the high gain amplifier, pulse height in the 

low gain amplifier, and the differential scaler. There 

were nine other quantities that were scaled and periodically 

written on the data tape. These scalers were used during 

the experiment to make sure that everything was running 

properly, and were not used in the analysis. When 62 

events had been read into the computer (PDP 11-45), the 
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data was written on tape in a 256 word data record. The 

organization of the data records is shown in Figure II-5. 

D. Energy Calibration from Range Curve 

A range curve was taken in the phantom using the 

low gain amplifier with the gain set at 500(2.0) and a 

threshold of one volt. The maximum number of counts 

occurred at a depth of 25 cm. The graph in Figure II-6 

shows the results. This 25 cm value did not include the 

.32 cm of plexiglas of the entrance end of the phantom. 

Assuming the energy loss in the window is the same as 

in the T. E. fluid, 25.32 cm was used as the range of 

the pions in the fluid. Using the range tables for pions 

in various substances and scaling them in the manner 

described in the paper by Barkas, et al. (BAR64), the 

pion energy was calculated to be 101 MeV. This corresponds 

to a momentum of 196 MeV/c. The energy of negative muons 

with 196 MeV/c momentum is 117 MeV. Their range in the 

T. E. fluid was 35.3 cm. At depths of 25.3 cm and 27.8 cm 

in the phantom (this includes the plexiglas) the muons 

had 50 MeV and 42 MeV left respectively. The energy 

loss of muons with this energy in the T. E. fluid is 

.33 keV/micrometer and .34 keV/micrometer respectively. 

Using the calibration factor with the setting at 500(7.0) 

and dividing it by 3.5, a rough estimate of the energy 

corresponding to the highest channel of the ADC is 

9.51 keV. The highest channel corresponds to a 4 volt 
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Figure II-6 : The range curve taken at the beginning of 
the experiment. The discriminator on the amplifier was 
set to eliminate events due to muons and electrons. A 
range of 25 cm corresponds to a pion energy of 101 MeV 
and a momentum of 196 HeV/c. Muons with 196 MeV/c 
momentum have an energy of 117 MeV and a range of 35 cm 
in the fluid. The arrows indicate the depths at which 
the LET measurements were made. 
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input. Therefore, a 1 volt threshold on the discriminator 

should have eliminated all events depositing less than 

2.38 keV in the chamber. This should include all of the 

muon and electron events and the range curve should 

therefore correspond to pions only. 
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III* Data Analysis 

A. Problems with the Data and Their Solutions 

1. The Repeat Problem 

The original analysis to obtain the energy loss 

spectra assumed that each event on the tape was real in 

both the high and low gain. It separated the particles 

in the high gain runs according to time-of-flight, and 

put the events into their respective spectra according 

to the recorded pulse height from the low gain and high 

gain amplifiers. The events in the low gain runs were 

assumed to be due to pions only, and no time-of-flight 

was taken. These events were sorted into low gain and 

high gain spectra in the same manner as in the high gain 

runs. When integrals of the high and low gain spectra 

between egual energies of each run were calculated, the 

integrals were not equal. The total number of events 

in each spectrum was the same. The ratio of the high 

gain to the low gain pulse height for each event was 

calculated and found to peak at 6.7. Fifty-two percent 

of the events had ratios that were between 6.4 and 7.2, 

but the other 48% had ratios that were spread fairly 

evenly between 0.1 and 10.0. Next, histograms of the 

high gain pulse height versus the low gain pulse height 

of each event for run 15 were plotted. From this histogram 

it was suggested that the pulse heights in the low gain 
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were being repeated. The events from the tape were 

printed in order of their occurrence and confirmed this. 

Table III-l shows an example of the events from run 16. 

To see if this problem also occurred in the high 

gain, the number of events in the high gain that repeated 

immediately along with those that repeated after from 

one to six intervening events were scaled. All these 

numbers should have been the same since the probability 

of getting two successive events of the same pulse height 

is the same as the probalility of getting two events of 

the same pulse height with a fixed number of events 

intervening. This test showed that the number of events 

that repeated immediately was considerably higher than 

the number of events that repeated with n intervening 

events, thus verifying the fact that the repeat problem 

also occurred in the high gain spectra. Table III-2 

shows the results of this test from runs 15 and 27. 

After studying the electronics layout, the problem 

was found to stem from the interaction of the ADC's and 

the CAMAC registers. Each CAMAC register required an 

update command from it's ADC before it would read in the 

new pulse height from that ADC. The ADCs would generate 

update commands only if an event was within its dynamic 

range. Thus, events that were within the dynamic range 

of only one ADC, would be read into that ADC's CAMAC 

register, but the other CAMAC register would not update. 



Table III-l 
Events from run number 16 in order of occurence 

High Gain 
Pulse Height 

87 
119 
92 
84 

170 
82 
83 

115 
123 
85 

140 
84 

894 
62 

166 
513 
15 

155 
82 
85 

203 
91 
80 
83 
53 
83 

100 
211 
92 
82 
27 
81 
18 
82 
86 

113 
38 
81 
82 
79 

115 
97 

195 
503 
83 
87 
81 

Low Gain 
Pulse Height 

8 
8 

12 
10 
25 
25 
25 
16 
17 
17 
19 
19 

134 
11 
24 
77 
25 
23 
23 
23 
30 
30 
30 
30 
17 
17 
14 
31 
12 
12 
15 
15 
13 
13 
11 
16 
16 
16 
16 
16 
15 
14 
28 
75 
75 
75 
75 



Table III-2 
Number of Counts with Equal Pulse Height at Separation 

n in the High Gain Spectrum 

Run 27 (Low Gain Run) 

Pulse 
Height 

Number 
of Events n=0 n=l n=2 n=3 n=4 

0- 49 173 3 0 0 0 0 
50- 99 91982 3262 1522 1568 1570 1568 

100-149 24893 627 102 86 100 98 
150-199 10772 217 18 15 11 23 
200-249 6215 133 11 11 4 2 
250-299 4213 74 1 1 3 4 

Run 15 (High Gain Run) 

Pulse Number 
Height of Events n=0 n=l n=2 n=3 n=4 

0- 49 49888 532 204 202 236 223 
50- 99 255227 8878 7527 7368 7377 7416 

100-149 14841 110 20 15 21 16 
150-199 5530 28 1 4 1 1 
200-249 3091 18 1 1 1 1 
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When the computer requested the information from the 

CAMAC units, it would get the pulse height of the event 

from the CAMAC register that changed, but the other CAMAC 

register would read out the pulse height of the last 

event that was within its ADC*s range, thus causing a 

repeated event to be written on the tape. 

To eliminate the repeat problem, all pulse heights 

in each spectrum (low or high gain) that repeated were 

discarded. The resulting spectra were corrected to take 

into account the probability that a repeated event was 

real, and not a product of the electronics. The correction 

method is described in Appendix I. 

2. Events Below Channel 76 of High Gain 

Besides the problem of repeated pulse heights, 

another problem was encountered in the high gain runs. 

In the high gain pulse height spectrum, there was an 

unexplained?le "bump" below channel 76. Events with 

energies this low were below the range of the low gain 

amplifier, and should have caused repeated pulse heights 

in the low gain spectrum. Associated with these events, 

however, were low gain pulse heights that had no correlation 

to the high gain pulse heights and did not repeat. These 

low gain pulse heights had a shape similar, but not quite 

the same as the rest of the low gain spectrum. No 

explanation for these events was found and therefore, 

all events with pulse heights below channel 76 in the 
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high gain spectrum were discarded (both low and high 

gain). The graph in Figure III-l shows the high gain 

spectrum below channel 76 of run 16. The graph in 

Figure III-2 shows the low gain spectrum associated with 

these events. Events that were repeated in either 

spectrum were discarded. 

B. Separation of Spectra 

Along with correcting for the above problems, the 

spectra due to pions, muons, and electrons had to be 

separated in the high gain runs. The time-of-flight 

cuts were picked by looking at the time-of-flight spectra 

and choosing cuts that isolated the peaks due to each 

type of particle. The time-of-flight spectrum from run 

16 is shown in the graph in Figure III-3. The time-of- 

flight peak positions and cuts for all the high gain 

runs are shown in Table III-3. Along with the individual 

spectra for each type of particle, the spectrum due to 

everything in the beam was kept. This total beam spectrum 

was used to calculate the correction factors, as described 

in Appendix I. 

To determine the fraction of particles tagged as 

pions that were not pions, an attempt was made to fit 

gaussian distributions to the time-of-flight spectra. 

A Monte Carlo calculation was made to determine the time- 

of-flight spectrum of pions that decayed between the 

time-of-flight scintillators. The Monte Carlo calculation 
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Figure III-l: The high gain events below channel 76. 
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600+ 

500-- 

c/> 

§400 
o 
O 

<D 

-Q 

6 
Z 300- 

200- 

100- 

i« "ii 
w 

4- 4- 4- 4- 
80 120 < 40 80 

Channel number of low gain spectrum 

Figure III-2: The low gain events associated with the 
high gain events below channel 76. 



N
u

m
b

e
r 

o
f 

C
o

u
n

ts
 

Channel Number 

Figure III-3: The time-of-flight spectrum from run 16. 
The vertical lines indicate the cuts used. The solid 
curve is the fit to the spectrum « 3.45) • 



Table III-3 
Time-of-Flight Peaks and Cuts 

Position of Peaks 

Run Electron Muon Pion 
Number Peak Peak Peak 

15 314 330 339 
16 314 330 340 
17 314 330 340 
13 314 330 340 
19 312 328 336 
20 312 328 338 
21 311 327 336 
23 311 327 337 
24 311 327 337 
25 311 327 336 

Time* -of-Flight Cuts 
(end points included) 

Run Electrons Muons Pions 
Number from to from to from to 

15 306 320 326 331 336 349 
16 306 320 326 331 336 349 
17 306 320 326 331 336 349 
18 306 320 326 331 336 349 
19 304 318 324 329 334 347 
20 304 318 324 329 334 347 
21 303 317 323 328 333 346 
23 303 317 323 328 333 346 
24 303 317 323 328 333 346 
25 303 317 323 328 333 346 
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was done with a single pion energy with the pions passing 

through the center of the first scintillator. The 

resulting spectrum was spread out by convolution with a 

gaussian distribution of unit area and standard deviation 

of 3.7 (approximately the standard deviation of the pion 

peak). Along with this spectrum, the ratio of decayed 

pions striking the second scintillator to the number of 

pions was calculated to be .0462 +/- .00924. This 

spectrum and the ratio were used in the fitting function 

along with two gaussians for the electron peak (the 

second was to simulate spread due to scattering), one 

gaussian each for the muon and pion peaks and a constant 

background. The minimum *Xa for the fits to each run and 

the contamination within the pion time-of-flight cuts 

are shown in Table III-4. The reason for the high values 

of X^is probably due to distortion of the peaks caused 
by time jitter, and in the case of electrons, scattering. 

Lorentzians and a bell-shaped curve defined by Ae’1 4 * 

were also tried, but the X for these curves were worse 
in most cases. The distortion caused by the contamination 

will be mostly in the low LET portion of the LET spectra. 

At the end of each run, the accumulated spectra 

were corrected for real repeats. Then they were compressed 

by 4 into 256 channels, and punched on cards. The 

uncorrected, uncompressed spectra were written on tape. 

After all the runs were analyzed, the spectra from each 



Table III-4 
X per degree of freedom of fits to time-of-flight spectra 
and purity of events within the pion time-of-flight cuts. 

run TCVM 
of fit 

number 
12.5 cm depth 
%pions %muons %back- 

of events ground 
20 4.74 111772 90.6Î.2 4.61*. 2 4.771.02 
21 6.71 150675 90.84.2 4.65.2 4.591.02 

Total 262447 90,71.2 4.61.2 4.671.02 

X/df 
25 cm depth 

run number %pions %muons %back- 
of fit of events 

4.31.2 
ground 

15 2.27 36088 90.51.4 5.121.03 
16 3.45 86223 90.4*.3 4.31.2 5.201.02 
17 2.95 119700 89.91.2 5.01.2 5.111.02 
18 3.34 66377 89.95.3 5.21.2 4.973.02 
19 4.18 81387 90.71.2 3.91.2 5.31.02 

Total 389775 90.21.3 4.61.2 5.153.02 

27.5 cm depth 
run X/df number %pions %muons %back- 

of fit of events ground 
23 3.96 52701 89.61.3 4.9-,2 5.431.02 
24 5.51 93994 89.81.3 4.71.2 5.441.02 
25 6.51 95122 90.01.3 4.61.2 5.421.02 

Total 241817 89.81.3 4.71.2 5.431.02 

Ratios of the number of muons and 
electrons to the number of pions • 

run muons/pions electrons/pions 
20 .396 .627 
21 .405 .638 

15 .431 .624 
16 .432 .617 
17 .448 .634 
18 .445 .625 
19 .434 .624 

23 .491 .693 
24 .485 .696 
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depth were added together and the resulting spectra 

punched on cards. 

For the low gain runs there was no time-of-flight 

data. The spectra still had to be corrected for repeats. 

The "bump" below channel 76 of the high gain did not 

appear, so these events did not have to be discarded. 

These spectra were also compressed by 4 into 256 channels 

and punched on cards. 

The high gain runs taken with no time-of-flight 

were analyzed in the same manner as the low gain runs. 

The discriminator on the high gain amplifier had been 

increased to eliminate events below the threshold on the 

low gain amplifier. These runs were taken to improve 

the statistics in the high channels of the low gain 

amplifier. The events in channels 96-256 were assumed 

to be due to pions only. This corresponded to an energy 

deposited in excess of 12.4 keV. 

C. Calibration 

The calibration of the two amplifiers was done with 

a Cm 244 alpha source and a puiser at the end of the 

experiment. The alpha source was positioned so that the 

alpha particles would traverse the diameter of the 

counter. One alpha spectrum was taken with each amplifier 

gain set at 10(15.0) (run 34). The puiser was adjusted 

so that its peak fell close to the alpha peak in run 

35. With the puiser thus calibrated, each of the gains 
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used in the experiment was calibrated using the puiser. 

The puiser had r 10 switches which were used to get more 

than one calibration point in each gain. Table III-5 

gives the calibration points obtained. 

The position of the alpha peak was determined by 

fitting a gaussian plus a quadratic to the points in the 

peak above half of maximum» using programs from Bevington's 

book on data reduction and error analysis (BEV69). 

The energy of the Cm 244 alpha particles is 5.8 MeV. 

Using the scaling methods, and the energy loss tables 

from the National Research Council Report 39 (BAR64), 

the average energy loss was calculated to be 

84.9 keV/micrometer. Using this and the data from 

Table III-5, the calibration factors for each gain were 

calculated. These are shown in Table III-6. Since the 
I 

energy spectra were compressed by 4, the calibration 

factors had to be multiplied by 4. These calibration 

factors are listed in Table III-7. 

Once the calibration factors for each gain were 

determined, the spectra from each amplifier could be 

graphed. Joining the spectra that were taken simultaneously 

was straight forward, but joining spectra from the low 

gain runs to spectra from the high gain runs took some 

consideration. 

D. Joining Curves 

Originally, joining the curves from the high gain 

runs and the low gain runs was to be done with the use 



Table III-5 
Calibration Points 

Amplifier 
high gain 

Gain Source 
Peak in 
Channel 

Run 
Number 

10(15.0) alpha 202.6U. 5 34 
high gain 10(15.0) puiser 216.5*1.0 35 
high gain 50(10.0) puiser 715.7*1.0 36 
high gain 50(10.0) pulser/10 74.2*1.0 37 
high gain 2K(12.0) pulser/10 * 38 
high gain 2K(12.0) pulser/100 373. *20 39 
low gain 10(15.0) alpha 216.4U.4 34 
low gain 10(15.0) puiser 231.0*1.0 35 
low gain 5(15.0) puiser 115.0*1.0 36 
low gain 5(15.0) pulser/10 8.5*3** 37 
low gain 500(7.0) pulser/10 530.3*5 38 
low gain 500(7.0) pulser/100 54.14*4 39 

* This point was out of the range of the amplifier. 

** This point is below the region where the amplifier becomes 
nonlinear, and therefore, was not used in calibrating. The 
nonlinearity ends in about channel 15. 



Table III-6 
Calibration factors for the different 
segments with 1024 channels full scale 

Amplifier Gain 
Setting 

Calibration Factor 
(keV/channel) 

Zero Offset 
(channels) 

high gain 2k(12.0) 
low gain 500(7.0) 
high gain 50(10.0) 
low gain 5(15.0) 

.00462+/-.0025 

.0325 +/-.0025 

.242 +/-.002 
1.50 +/-.017 

.45 
3.3 

Table III-7 
Calibration factors for the different 
segments with 256 channels full scale. 

Amplifier Gain 
Setting 

Calibration Factor 
(keV/channe1) 

Zero Offset 
(channels) 

high gain 2k(12.0) 
low gain 500(7.0) 
high gain 50(10.0) 
low gain 5(15.0) 

.0185 +/-.001 

.130 +/-.01 

.968 +/-.008 
6.00 +/-.07 

.11 

.825 
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of the differential scaler. This scaler was intended 

to determine the relative amount of beam required to 

accummulate the data for each different run condition. 

The apparatus was moved closer to the beam channel for 

the low gain runs in order to get a higher count rate. 

One run was taken with the high gains at each depth with 

the apparatus in this position. Using the differential 

scalers from these various conditions a reasonable 

normalization factor could not be found. 

To obtain a normalization factor, the number of 

events in the overlap region between the low gain of the 

high gain runs and the high gain of the low gain runs 

was required to be the same. In order to see if the 

curves in the overlap region matched, the events in the 

higher gain were binned into energy intervals that were 

equal to the energy interval between adjacent channels 

of the lower gain. ’X* was then calculated according to 

the equations in Appendix II. The calibration ratios 

and normalization factors that minimized *XXare shown 

in Table III-8. The ratios of the calibration factors 

are shown in Table III-9. 

Once the calibration ratios and normalization factors 

had been determined, the energy spectra were plotted. 

To get the spectra into a probability curve, each segment 

was integrated from its lowest dependable channel to the 

beginning of the overlap region with the next segment. 



Table III-8 

Calibration ratios that minimized . Cl is the calibration 
factor for the gain of 2k(12.0), C2 is for 500(7.0), C3 
is for 50(10.0) and C4 is for 5(15.0). 

Particle Depth C2/C1 

pion 12.5 cm 6.85 .106 
pion 25.0 cm 6.73 .615 
pion 27.5 cm 6.81 .175 

muon 12.5 cm 6.86 .068 
muon 25.0 cm 6.79 .080 
muon 27.5 cm 6.84 .098 

electron 12.5 cm 6.79 .149 
electron 25.0 cm 6.77 .125 
electron 27.5 cm 6.85 .085 

The following is for pions only. 

Depth Norm C3/C2 7Ca C4/C3 
12.5 cm 421.9 6.98 1.40 6.22 .080 
25.0 cm 272.4 6.88 .614 6.23 .142 
27.5 cm 404.1 6.76 1.58 6.23 .076 

Table II1-9 

The ratios of the calibration factors from Table III-7 

Gains Ratio 

C2/C1 7.03+/-.66 
C3/C2 7.45+/-.58 
C4/C3 6.20+/-.087 
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The number of counts in each channel was divided by the 

value of this integral. The resulting spectrum for each 

segment was then divided by the ratio of calibration 

factor of that segment and the calibration factor of the 

first segment (highest gain)* The resulting points in 

the spectrum were plotted versus energy where the energy 

was the channel number multiplied by the calibration 

factor of that segment. 

These spectra represent the probability of getting 

an energy deposited between E-dE/2 and E+dE/2 where E 

is the energy, E=(1-1/2)C where I is the channel number 

of segment K and C is the calibration factor of segment 

K. dE is the calibration factor for the highest gain 

segment. 

E. LET Distributions 

After the P(E) spectra had been plotted and shown 

to match up, the T(L), D(L), and L*D(L) spectra were 

calculated. The T(L) spectrum is derived from the pulse 

height spectrum through the equations 

T(L) = d/2 (-1^^ + N(I))/A. (ROS68) 1) 

L “ cal*I/d. 

Here, cal is the calibration factor in keV/channel, I 

is the channel number, d is the effective diameter of 

the sphere (2.03 micrometers), and A is the normalization 

factor to make J* T(L) dL = 1. 

The energy spectrum N(I) was converted to a log 
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spectrum. The resulting spectra were smoothed and 

differentiated, using 25 point convolution functions 

(SAV68). The convolution functions are sets of integers 

derived in a least squares fit of a quartic or quintic 

(quintic or sexic in the case of differentiation) 

polynomial to 25 evenly spaced data points. A different 

set of integers is used for the smoothing than for 

differentiation. When the set of integers for smoothing 

is convoluted with 25 points of the spectrum and divided 

by the normalization factor, the result is the value of 

a least squares fitted quartic or quintic polynomial at 

the central point. The differentiating convolution 

function gives the first derivative of a quintic or sexic 

least squares fitted polynomial at the central point 

(SAV68). The convolution integers and normalization 

factors are shown in Table III-10. The convolution is 

done in the following manner: 
i=t* 

A* (I) » £ a: A(I+j)/Nontu 

and 

5T— “ZI bi A* (I+j)/Norm, . 
j--ia 

Here a^(b^) represents the jth integer, and NORM^(NORM^) 

is the normalization factor for smoothing (differentiating)• 

A(I)=ln(N(I)), A*(I) is the smoothed value of A(I) and 

4 A CO is the smoothed derivative of A (I) . 
ax 

Using the logarithm of N(I) equation 1) becomes: 

T (L) = <d/2)e*lt' (l-I^^T ). 



Convolution integers 
Table III-10 
for Smoothing and Different: 

I 
Smoothing 
Integers 

Differentiat: 
Integers 

-12 1265 -6356625 
-11 -345 -11820675 
-10 -1122 -15593141 
-9 -1255 -17062146 
-8 -915 -15896511 
-7 -255 -12139321 
-6 590 -6301491 
-5 1503 544668 
-4 2385 6671883 
-3 3155 9604353 
-2 3750 6024183 
-1 4125 -8322182 
0 4253 0 
1 4125 8322182 
2 3750 -6024183 
3 3155 -9604353 
4 2385 -6671883 
5 1503 -544668 
6 590 6301491 
7 -255 12139321 
8 -915 15896511 
9 -1255 17062146 

10 -1122 15593141 
11 -345 11820675 
12 1265 6356625 

Normalization 
factor 30015 1422601258 
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Once T(L) is found, D(L) is obtained from the 

equation: 

D(L) « LT(L)/ J* LT(L) dL. 

To find the error in T(L), the following equations 

were used: 

These equations are derived in Appendix III. 

The three distributions were calculated from the 

pion and muon pulse height spectra at each depth. The 

distributions were then plotted on a Log-Log scale. 

Each point on the graphs represents the fraction of the 

quantity plotted (track length, dose, or dose times LET) 

within an LET interval equal to the calibration factor 

of the first segment. The distributions were then 

compressed by a factor of 8 by adding 8 consecutive data 

points and dividing by 8. The points on these graphs 

represent the fraction of the quantity plotted within 

the same LET interval as the uncompressed graphs. 

Figures III-4 to III-12 show the LET distributions for 

pions. Figures III-13 to III-21 show the compressed LET 

distributions for pions. Figures III-22 to III-24 show 

the D(L) distributions for muons. The compressed D(L) 

distributions for muons are shown in Figures III-25 

to III-27. 

and and 
à-m 

(aj/Norm_r l/N(I+j) . 
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After the curves had been derived, the LET averages 

could be calculated from the equations given in the 

introduction, I .B. 3. The track average LET, LT and the 

dose average LET, Yp are shown in Table Ill-ll for muons 

and pions. 



Table III-ll 
LET averages for pions and muons in keV/micrometer. 

Pions 

Depth 
Track Average 

LETr LT 

Dose Average 
LET, L0 

12.5 CM 1.051+/“.0042 5.285+/-.039 
25. CM 1.838+/-.0033 29.52+/-.125 
27.5 CM 1.800+/-.0055 28.63+/-.146 

Muons 

Depth 
Track Average 

LET, LT 
Dose Average 

LET, Lt, 

12.5 CM .906+/-.0075 
25. CM .994+/-.0049 
27.5 CM .926+/-.0066 

1.51+/-.029 
1.80+/-.018 
1.59+/-.026 



Figure III-4 through Figure III-27: Each point represents 
the fraction of the quantity being graphed between L- 
dL/2 and L+dL/2 with dL being the bin width of the first 
segment («0103 keV/micrometer). Error bars are graphed 
on every tenth point on the uncompressed graphs and every 
fourth point on the compressed graphs. The range of 
each segment is shown on the uncompressed T(L) versus L 
curves. 

Figure III-4: T(L) versus L for pions at 12.5 cm depth. 
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Figure III-5s D(L) versus LET for pions at 12.5 cm 
depth. 
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Figure III-6: L*D(L) versus LET for pions at 12.5 cm 
depth. 



Figure III-7; T(L) versus LET for pions at 25.0 cm 
depth. 
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Figure III-8: D(L) versus LET for pions at 25.0 cm 
depth. 



Figure III-9ï L*D(L) versus? LET for pions at 25.0 cm 
depth. 
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Figure III-10: T(L) versus LET for pions at 27.5 'em 
depth. 
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Figure III-ll: D(L) versus LET for pions at 27.5 cm 
depth. 
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Figure Iir-12: L*D(L) versus LET for pions at 27.5 cm 
depth. 
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at 12.5 cm depth. 



Figure III-14: D(L) versus LET corpressed by 8 for pions 
at 12.5 cm depth. 



Figure III-15: L*D(L) versus LET compressed by 0 for 
pions at 12.5 cm depth. 
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Figure III-16i T(L) versus LET compressed by 8 for pions 
at 25.0 cm depth. 



Figure III-17ï D(L) versus LET compressed by 8 for pions 
at 25.0 cm depth. 
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Figure III-18: L*D(L) versus LET conpressed by 8 for 
pions at 25.0 era depth. 
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Figure III-20ï D(L) versus LET compressed by 8 for pions 
at 27.5 cm depth. 
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Figure III-22: D(L) versus LET for muons at 12.5 cm 
depth. 
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Figure 111-23: D(L) versus LET for muons at 25.0 cm 
depth. 
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Figure III-24ï D(L) versus LET for nuons at 27.5 cm 
depth. 



Figure III-25: D(L) versus LET compressed by 8 for muons 
at 12.5 cm depth. 
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Figure III-26: D(L) versus LET compressed by 8 for muons 
at 25.0 era depth. 
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Figure III-27: D(L) versus LET compressed by 8 for muons 
at 27.5 cm depth. 
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IV. Conclusion 

A. Discussion of Curves 

There are three bumps at high LET in the D(L) curves 

for pions occurring at LETs of 70 keV/micrometer, 200 

keV/micrometer and 400 keV/micrometer. The one at 70 

keV/micrometer is about 20 keV/micrometer wide and is 

due to protons. The one at 200 keV/micrometer is about 

50 keV/micrometer wide and is due to alpha particles. 

The one at 400 keV/micrometer is less well defined and 

is due to various heavy recoils. All these highly 

ionizing particles are products of nuclear interactions 

between the pions and the nuclei of the fluid in the 

phantom. Muons do not interact strongly with nuclei and 

therefore do not produce stars. The D(L) curves for 

muons do not exhibit any high LET components. At an LET 

of approximately 2 keV/micrometer, both the muon and 

pion curves show a bump. This corresponds to maximum 

ionizing electrons. 

The LET distributions for pions at 12.5 cm depth 

exhibit very little contribution from high LET components. 

These distributions are very similar to those for muons 

at 12.5 cm depth. This is understandable since at this 

depth, the pion energies are high, and the nuclear 

absorption cross section is small, so there will be few 

stars produced. Since the muons have the same charge, 



- 32 - 

their mass is close to that of the pions, and their 

energy is about the same, the energy loss spectrum should 

be similar. 

The LET distributions for pions at 25 cm depth and 

at 27.5 cm depth are nearly identical. Although the 

range curve indicated the range of the pions was 25 cm, 

pions will still reach 27.5 cm depth due to range 

straggling. When these pions are absorbed, the LET 

spectra of the resulting star products will be the same 

as those of the pions absorbed at 25 cm depth. The LET 

averages at these two depths are also very close (see 

Table III-ll). 

The muon D(L) curves at all three depth are quite 

similar. None of them exhibit any high LET components 

(the curves end less than half way through the range of 

the second segment) . All of them show the bumps due to 

maximum ionizing electrons. 

In conclusion, the LET distribution for pions and 

the range curve demonstrate the advantages of using pions 

in radiation therapy. The dose at depth, in the stopping 

region is higher than the dose in the plateau region. 

This higher dose has substantially more high LET components 

than in the plateau region, so the RBE should be higher 

and the OER should be lower. 

B. Theoretical Curves 

A theoretical D(L) curve for a contaminated pion 
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beam consisting of 65% negative pions, 25% electrons, 

and 10% negative muons was calculated by S. B. Curtis 

and M. R. Raju (CUR68) . The incident pion beam was 

assumed to be initially parallel and uniformly distributed* 

The D(L) curve was calculated from differential energy 

spectra of particles from a pion interaction at rest 

experimentally determined by P. H. Fowler, et al. (FOW65) , 

They obtained the spectra for various particles: protons, 

alpha particles, Li ions, and heavy recoils (boron, 

carbon, and nitrogen) resulting from negative pion capture 

by an oxygen nucleus in water. In the calculation of 

D(L) all the heavy recoils were assumed to be carbon 

nuclei for simplification. The pion momentum was 190 +/- 

5 MeV/c. 

The function they derived (see Figure IV-1), f(L), 

was defined such that J^f(L) d(Loglw(L)) = the total dose 

at the depth in question per incident pion. The D(L) 

curves derived from the experimental data were defined 

such that J^D(L) dL = 1. With D^.(L) being the theoretical 

dose distribution corresponding to the experimental dose 

distribution, the following transformation was used: 

DT(L) dL - f(L) dL/(2.303 LT) 

where T =/f (L)/(2.303 L) dL. 

However, the range of the LET that was used in the 

experiment made 
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Figure IV-1: Theoretical distribution of energy deposited 
(dose) versus LET for negaitve pions stopped in water 
(CUR6 0) . 
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D(L) dL = .8855. 
■»**!« *» 

Here L^ÎH was the lowest LET of the theoretical curve. 

Therefore, Dy(L) *dL = .8855*dL*f(L)/(L*T*2.303). 

The f(L) function was only calculated for 25.5 cm 

depth (the Bragg peak). Here Hj.(L)*dL represents the 

theoretical dose at LET between L and L+dL which is the 

quantity experimentally determined. The theoretical 

dose distribution is shown in Figure IV-2 graphed with 

the dose distribution from the experiment at 25 cm depth. 

The fit between theory and experiment is quite good when 

compared to fits for other types of particles done by 

this same method (see, for example, the D(L) curves for 

neutrons in ROS68)• These discrepancies are probably 

due to incomplete knowledge of the differential energy 

spectra of particles from pion interactions with nuclei 

and the cross sections for these pion interactions. The 

large discrepancy at the high LET values was probably 

due to the assumption in the theoretical derivation of 

D(L) that all recoils were carbon nuclei and the poor 

statistics of the experimental data in this region (see 

part C of conclusions). 

Another theoretical derivation of D(L) was done by 

T. W. Armstrong and K. C. Chandler (ARM74) . They used 

a computer code for radiation transport called HETC to 

calculate the LET spectra in a tissue equivalent phantom. 

They describe the code HETC as follows: 
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LET (keV/micrometer) 

Figure IV-2: Theoretical D(L) spectrum for pions at 25 
cm depth from Curtis, et al (CUR68) (+) plotted with the 
experimental D(L) spectrum at 25 cm depth.. 
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"The nucleon-meson transport code HETC used Monte 

Carlo method in conjunction with theoretical nuclear- 

interaction models to determine the energy, angle, and 

multiplicity of the particles produced in nucleon-nucleus 

and pion-nucleus (including pion capture) interactions. 

The Monte Carlo simulation of the particle transport 

involves selecting the energy, direction, and spatial 

coordinates of the primary pions from an input source 

description and computing individually the trajectories 

of the primary pions and the secondary particles produced 

by nuclear collisions and by pion and muon decay. The 

code takes into account charged-particle energy loss due 

to atomic ionization and excitation, multiple Coulomb 

scattering by the primary particles, elastic and non¬ 

elastic neutron collisions and non-elastic proton and 

pion collisions with nuclei other than hydrogen, elastic 

and non-elastic nucleon and pion collisions with hydrogen 

nuclei, pion and muon decay in flight and at rest, and 

negative-pion capture at rest." (ARM74) 

For a brief description of the handling of various 

physical processes by HETC, see ARM74. The LET spectra 

are computed from the HETC data and the stopping power 

of each type of particle. 

The results were for a cylindrical negative pion 

beam 2.5 cm in diameter incident upon an infinite slab 

of tissue 30 cm thick with density 1.0 g/cm*. The tissue 
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was composed of 63.0% (by atom) hydrogen, 25.8% oxygen, 

9.5% carbon and 1.4% nitrogen. In order to get a constant 

number of pion captures per unit distance between the 

depths of 12.5 and 17.5 cm, the pion energies used were 

between 58 and 77 MeV with the number of particles with 

a given range being N(R) = 0 for R less than 11.9 cm or 

greater than 18,4 cm and N(R) « 0.125 e^73 for R between 

11.9 cm and 18.4 cm. 

The integral LET spectrum which is a graph of the 

fraction of dose with LET greater than L versus L was 

calculated from the HETC data. From this graph, a dose 

distribution corresponding to the experimental distribution 

was obtained by taking the difference of adjacent values 

of this graph which gives D(L)dL, the fraction of the 

dose deposited between L and L+dL where dL is the 

difference in L of the two points. This function must 

then be normalized to the experimental D(L) which is for 

dL equal to the calibration factor of the first segment. 

This was done for the distributions with depth intervals 

of 10.0-12.5 cm, 12.5-17.5 cm, and 17.5-20.0 cm. These 

are compared to the experimental distributions at 12.5 cm, 

25.0 cm and 27.5 cm respectively in Figures IV-3 to IV-5. 

The fact that these curves do not agree very well 

is probably due to inadequacy of the theoretical nuclear 

interaction models used and the fact that the calculation 

was for a beam with a spread in energies much greater 



Figure IV-3: D(L) spectrum derived from thé integral 
LET spectrum derived by Armstrong, et al (AEM74) for 
depth interval of 10. cm to 12.5 cm (+) graphed along 
with the experimental D(L) spectrum at 12.5 cm. 
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Figure IV-4: D(L) spectrum derived fron the integral 
LET spectrum derived by Armstrong, et al (ARM74) for 
depth interval of 12.5 to 17.5 cm (+) graphed along with 
the experimental D(L) spectrum at 25.0 cm. - 
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Figure IV-5'î D(L) spectrum derived from the integral 
LET spectrum derived by Armstrong, et al (ARM74) for 
depth interval of 17.5 to 20.0 cm (+) graphed along with 
the experimental D(L) spectrum at 27.5 cm. 



37 

than in the experiment. There is also considerable error 

in the converted theoretical curves because of the error 

in getting the numbers off of the theoretical curves by 

measuring. 

C. Possible Improvements to the Experiment 

The main improvement of the experiment would have 

been to eliminate the repeat problem. This could have 

been done by using the coincidence pulse that enabled 

the ADCs to process the amplifiers' outputs as the update 

command for the ADCs' CAMAC registers. This coincidence 

pulse would have had to be delayed long enough for the 

ADCs to digitize their input pulses. If the experiment 

were to be done again, a better way to eliminate this 

problem would be to replace this CAMAC module with one 

that cleared after it was read out. 

Another area where improvement was needed was in 

the statistics in the lowest gain. After compression 

by four, there were less than 20 counts per channel above 

channel 144 (LET *» 427 keV/micrometer) and less than 10 

counts per channel above channel 178 (LET = 528 

keV/micrometer) at 25 cm depth. For the runs at 27.5 cm 

depth, there were less than 20 counts per channel above 

channel 115 (LET = 341 keV/micrometer) and less than 10 

counts per channel above channel 150 (LET » 445 

keV/micrometer)• The runs at 12.5 cm were worst of all, 

with less than 20 counts per channel above channel 65 
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(LET =193 keV/micrometer) and less than 10 counts per 

channel above channel 78 (LET = 232 keV/micrometer). 

The spectra for 12.5 cm depth also needed more data in 

the high gain runs. The low gain spectrum of the high 

gain runs had less than 20 counts per channel above 

channel 66, and above channel 81 there were less than 

10 counts per channel. This lack of statistics is 

responsible for the dip in the T(L) curve between L = 

5.6 keV/micrometer and L = 7.6 keV/micrometer. (The 

improved statistics for this run starts at 

L = 6.6 keV/micrometer.) 

There was considerable room for improvement in the 

time-of-flight data. A constant fraction discriminator 

for each of the scintillators would have eliminated much 

of the time jitter. Three multiwire proportional counters 

could have been used to define the path of each particle 

in the time-of-flight path. With this information, most 

of the pions which decayed to muons within the time-of- 

flight path could have been identified and discarded. 

This information could also have been used to help reduce 

time jitter further by giving information on where each 

particle struck each scintillator so that the finite 

speed of light in the scintillator could be taken into 

account 



39 - 

Appendix I 

Correction for ’Real* Repeats 

Given an event of pulse height x, the probability 

that the next event will be a valid repeat is the 

probability of getting an event of pulse height x. This 

probability is independent of what type of particle 

causes either event, so when calculating this probability, 

the total beam with no cuts whatsoever (i.e., time-of- 

flight or below channel 76, etc.) must be used. 

DEFINE: 

Nj(x) = the number of events with pulse height 

x, regardless of particle type, including 

valid repeats (this is the number sought). 

Nn(x) *= the number of events with pulse height 

x with the repeats removed, regardless 

of particle type (this was obtained)• 

P(x) = the probability of getting an event 

of pulse height x, regardless of what 

particle. 

T = the total number of events. 

P(x) ** Ns (x) / T 

The probability of getting a repeat of pulse height 

x is P(x), the probability of getting two repeats of 

pulse height x is P(x) , and so forth for 3 or more 
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repeats. Since Nn(x) has all these repeats removed, 

Nh(x) = Ns(x)*(l-£ P(x)' ) 

* N<(x) * (l-P(x) * .<£ P(x)‘ ) 

P(x)f = 1 + P(x) + P(x)a + . . . 
iZO 

£ P(x)‘ « 1/(1-P(x)) 
I 

N^(x) = Ny (x) * (1-P (x) / (1-P (x) ) ) 

« N$ (x) * (1-2P (x) ) / (1-P (x) ) 

Nf(x) - Nh(x)*(l-P(x))/(l-2P(x)) 
tea'* 

P(x) was approximated using P*(x) = Nn(x)/ £ N (y) and 
ysi 

two iterations were performed to get Ns(x). At the end 

of each run, the number of counts in each channel of 

each spectrum was multiplied by the corresponding 

correction factor C(x) where 

C(x) - (l-P(x))/(1-2P(x))• 
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Appendix II 

Joining Curves 

Definitions: 

HG(i) is channel i of the high gain spectrum. 

LG(i) is channel i of the low gain spectrum. 

N is the normalization factor. 

HC(i) is channel i of the compressed high 

gain spectrum. 

C is the compression factor (calibration ratio)• 

A is the calibration factor of LG in 

energy / channel. 

A pulse height spectrum from a proportional counter 

was put into two amplifiers, HG and LG, for differing 

lengths of time, giving two spectra from their ADCs. 

The gain of LG was nominally equal to 1.0 and the gain 

of HG was set to C. Events were put into channel a of 

LG's spectrum if their energies exceeded (a-l)*A, but 

was less than a*A. Events were put into channel b of 

HG's spectrum if their energies exceeded (b-1)*A/C but 

were less than b*A/C. The gain of HG was such that there 

was a region of energy where events were recorded in 

both spectra. To normalize these two spectra to each 

other the number of events in this overlap region was 

required to be the same. This energy interval did not 

fall exactly between channels of the high gain spectrum 
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so when integrating that spectrum a fraction of the 

events in the channels at each end of the energy interval 

had to be used. The interval was adjusted to fall exactly 

between channels of the low gain spectrum. This gave 

the normalization factor N. 

Since C was not known exactly, a C was searched for 

that best fit HG to LG. The events in HG between the 

energy interval corresponding to each channel of LG for 

a chosen value of C were added together. This gave a 

spectrum HC(i), where HC(i)*N should have been equal to 

LG(i). As an indication of goodness of fit, 

Tl =l/df Cl/cr x * (y-, -y (*; ) ) (e.g. 10-2 from BEV69) 

was used, where y. * LG(i), y(x*,) = HC(i)*N and df was 

the number of degrees of freedom which was the number 

of points in the low gain spectrum minus two. <S\ was 

the squared error of the quantity in parenthesis. 

When fitting the high gain spectra to the low gain 

spectra that were from the same runs, N=1 since in this 

case the number of particles in the overlap region was 

the same. In this case df was the number of points in 

the low gain minus one. 

The calibration ratios in Table III-7 were those 

which gave a minimum £ . 
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Appendix III 

Error Analysis 

E> is the effective diameter of the sphere in microns 
of 1.03 gm/cc tissue. 

VMX) is the number of events in channel I. 

Ç is the calibration factor between channel number 
and energy 

b: is the set of convolution integers used for smoothing. 

Q. is the set of convolution integers used for 
^ differentiating. 

is the normalization factor for the smoothing 
integers. 

is the normalization factor for the differentiating 
* integers. 

The function that was used to get the various LET spectra 

from the pulse height spectra was: 

L - CT/J) 

Am •=. £ faj 
* 

rx - (/3*U\A \ 
Tt»4 ~ V F'cx) 

where rr 
£ O.. ACKiVtt. 

3TC-^ ■= D/a eftCC^ ( 1’ “LF'Ct'O » * *5 
a fux> & ^L 

- 

IV'CI) 4 



- 44 - 

/■** 6AtX^ ' 
< r fv*' 
X ^<a J ° (oct^è Î. 

« « * 

~ ^.Va k/K>#r^V,J *HXA£ . 

O , 
= g' js-O aJ ^AlX.^1 

£ 

ù 

Substituting equations 3, 4, 5, and 6 into equation 2 

The error becomes s |jL ^ •*. x 

When these errors were calculated, C5^a)was 

calculated first and then ^xtv.)was calculated using 

the equation 
, » vi aH«)f V*>'a ) 
:x <5^ + T C l *• 

#There was another term here: 

ACf) a Va) 
t>la e A ara) \ k + 

X C J Wt 

aVcfr - -3- £<t- Aa^i] 
Jilts') v.^*"**-41-0 

- KW^ao ) 

so this term drops out 
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•** in the case of the second segment above channel 96 

(the section with improved statistics) this became: 

where B is the factor by which the statistics were 

improved. These factors are: 

Depth B 
12.5 cm 130 
25.0 cm 34 
27.5 cm 88 
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