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Abstract 

Accelerated heavy-ion beams used in biological and medical research are 

often utilized in conjunction with absorbers which lead to the fragmentation 

of the beam. The BERKLET, a two stage solid state telescope detector, was 

designed to make rapid, on-line energy and LET measurements of individual 

particles in a heavy-ion beam, thus allowing characterization of fragmented 

beams. From data collected· with the BERKLET, one is able to determine a 

number of important parameters. These include: residual energy and LET 

histograms for the full beam and for the individual Z components, relative 

numbers of particles with a given Z, and dose and track average LET's for the 

full beam and for the individual Z's. Improvements to the BERKLET design 

and changes in data analysis are discussed and contrasted with the results of 

an earlier BERKLET configuration. The most notable improvements are a 

10-fold improvement in the dynamic range of the event discriminator, reported 

here as 1:2000, and dual high and low gain amplification of the LET signals, 

permitting the identification of particles with Z's ranging from 12 down to 1. 

Measurements of a 670 MeV /amu 20Ne beam at the Lawrence Berkeley Labo

ratory Bevalac heavy-ion accelerator were obtained with the BERKLET. High 

numbers of low LET particles from the fragmented 20Ne beam were detected. 

The results of the analysis are presented along with a brief discussion of their 

implications for radiobiology. 
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1 Introduction 

When nuclei from an accelerated heavy-ion beam impinge upon a target, the colli

sions which occur sometimes result in nuclear fragmentation. These events are gen

erally characterized by the way in which the projectile and/or target nuclei fragment 

(e.g., pure projectile fragmentation, or projectile and target nuclei fragmentation); 

the details of the fragmentation processes, however, are complex, making it difficult 

to quantitate the effects that an absorber, with a defined thickness and composition, 

will have on a particular heavy-ion beam. The BERKLET, a simple two stage solid 

state telescope detector, was designed for rapid on-line measurement and analysis 

of fragmented heavy-ion beams. When making measurements with the BERKLET, 

the accelerated nuclei first encounter a thin (400 J.Lm) silicon p-n junction which 

acts as an LET detector, after which they enter the second stage of the BERKLET, 

a 5.5 cm germanium detector used to determine the residual energy of the particle. 

These two measurements alone are sufficient to allow the determination of a num

ber of important parameters for a fragmented beam, including the relative number 

of fragments with a given Z and the LET, energy, and velocity distributions for 

each Z. The term LET, in the context of BERKLET measurements, refers to the 

average energy loss of a particle in the silicon detector per unit length along the 

particle's track (KeV / J.Lm). This operational definition of LET is quantitatively 

very close to the concept of LET 00. The simplicity of the BERKLET does impose 

some limitations on the accuracy with which certain parameters can be determined. 

Studies have shown that for a given heavy-ion beam, knowledge of average dose 

and LET alone are not sufficient to predict its biological consequences [1,2,3,4]. 
I 

BERKLET measurements allow one to access information pertaining to the indi-

vidual species of a fragmented beam. Providing such a detailed characterization 

of the heavy-ion beam enhances a biomedical researcher's ability to interpret the 

results of an irradiation experiment and equips the researcher with the means to 

evaluate beam quality and reproducibility. The initial BERKLET development, 

measurements, and analysis have been reported earlier [5]. 

Subsequent to the early measurements, a number of limitations became appar

ent for the BERKLET. It seemed that two of the device dependent limitations 
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might be overcome by making certain design improvements. One of these limita

tions was due to the finite dynamic range of the event discriminator. The ratio 

of the LET for a fast proton to that of a stopping primary such as 20Ne is on the 

order of 1:2000. Early measurements made with the BERKLET utilized a standard 

event discriminator with a dynamic range of approximately 1:200. This imposed 

a limitation on BERKLET measurements which sometimes prohibited analysis of 

the full range of fragments (e.g., for 2°Ne the entire range of Z=10 to 1 could not 

be analyzed in a single measurement). A second limitation occurred as a result of 

the silicon detector geometry. The detector's geometry was comprised of an inner, 

0.75 cm diameter, active region bounded by a concentric, 2.2 cm outer diameter, 

guard ring. The guard ring allowed the central active region to be defined with 

accuracy, eliminating the occurrence of deficient pulses due to edge effects. The 

capacitance between the guard ring and the active region did pose a problem. If 

the discriminator was set to low threshold levels in order to allow the analysis of 

low Z events, a large pulse from a high LET particle hitting the guard ring would 

produce a small signal in the active region, leading to a spurious trigger. Triggering 

of this sort would lead to an erroneous increase in the frequency of events analyzed 

as low LET particles. 

In this paper we will describe the following design modifications made to the 

BERKLET: 

1. the addition of a small independent scintillation detector placed in front of a 

simple silicon LET detector which allows the active region in the LET detector 

to be defined with acceptable precision, while avoiding the aforementioned 

capacitance coupling effect. 

2. the development and addition of a new high dynamic range (HDR) event 

discriminator with a dynamic range of 1:2000. 

3. the addition of dual amplification of events with high and low gain amplifiers 

which facilitates the analysis of an increased range of Z's. 

We will also present the results of 2°Ne measurements acquired with the newly 

configured BERKLET and the analysis of those data. By requiring an electronic 
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time coincidence between the signals from the scintillation detector and the silicon 

LET detector, the presence of large numbers of low LET particles in fragmented 

beams of 20Ne has been unambiguously determined. 
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2 Detector Configuration and System Electronics 

In its new configuration, the BERKLET comprises three detectors arranged along 

a common axis. See figures 1 and 2. 

The first detector to be encountered by the particles of an accelerated heavy 

ion bean is the scintillation detector. This detector consists of a thin (Le., 0.25 cm 
; 

water equivalent) plastic scintillator disc with a diameter of 0.5 cm, which is in 

optical contact with a phot~multiplier tube (PMT) via a light guide. A particle 

traversing the scintillator deposits energy and causes some molecules in the scin

tillator to enter excited states. The excited molecules will quickly decay to their 

ground state emitting photons, which are then channeled to the PMT by the light 

guide. Photons entering the PMT produce a pulse at the output which is inte

grated by the scintillator preamplifier and subsequently processed further by the 

BERKLET electronics. A highly sensitive PMT (Hamamatsu R1213) selected for 

single photo-electron pulse height resolution of 150% has been used. This allows 

reliable detection of particles ranging from fast protons with energies in excess of 

670 MeV, to heavy ions near their stopping point. The primary use of the scintilla

tion detector output is to provide a timing signal which is used in coincidence with 

the LET detector signal to validate an event in the BERKLET. Both the silicon 

guard ring in the early BERKLET and the scintillator in the present BERKLET 

act to define a region within the silicon detector so that erroneous events due to 

edge effects in the silicon can be avoided. Replacement of the guard ring by the 

scintillator eliminates the possibility of error due to capacitance coupling between 

the guard ring and LET detector. The PMT also provides an analog signal, the 
\ 

height of which is a function of the energy deposited by a particle in the scintillator. 

This relationship is linear only at low LET and approaches saturation as the LET 

Increases. 

The LET detector, located 1 cm downstream from the scintillator, consists of 

a 400 p.m thick (760 p.m water equivalent), 1.1 cm diameter, fully depleted silicon 

p-n junction. As indicated above, this LET detector differs from its predecessor 

in that it lacks the guard ring. Otherwise, its operation is essentially the same 

as reported for the early BERKLET measurements. The silicon LET detector is 
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eBB 870-4111 

Figure 1: Photograph of BERKLET. 
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Figure 2: Schematic drawing of the BERKLET detector configuration. 

* Produced on BIOVAX computer 
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used in the linear response regime, with the signal output from the detector being 

directly proportional to the energy deposited by a particle. 

Finally, the third detector in the BERKLET acts as a residual energy detector 

for those particles which stop within it, or as a thick "average LET" detector for 

particles possessing sufficient energy to pass through the detector without stopping. 

This detector consists of an ultra pure germanium rectangular parallelepiped form

ing a p-n junction, with cross section of 2.25 cm2 and 5.5 cm in length (18.7 cm 

water equivalent). As reported earlier, the germanium detector is maintained and 

operated at -770 C and is used in the linear response regime. 

Figure 3 shows a schematic representation of the BERKLET detector electronics. 

Signals from the silicon and germanium detectors are collected and integrated by 

charge sensitive preamplifiers. A pulse produced by the scintillation detector is 

integrated by an RC network, preamplified, and passed to both a pseud~Gaussian 

shaping amplifier and a high sensitivity discriminator. The signal output from the 

shaping amplifier is eventually digitized and stored as data on magnetic disk, while 

the timing signal is used as input to the coincidence logic circuitry. Many events 

occur in the scintillator during the time a pulse of heavy ions is being delivered 

by the accelerator which deposit enough energy to elicit photon production but 

result in signals corresponding to an LET less than that of a fast proton. These 

signals could be generated, for example, by fast electrons resulting from heavy ion 

collisions with absorber material or by Cherenkov radiation produced by particles 

traversing the light guide material. The scintillator discriminator was designed with 

an adjustable threShold, providing one with the ability to cut out all signals below 

a certain desired value, thus eliminating most of those unwanted signals. Typically 

the threshold has been set high to exclude all· signals below those which would be 

produced by Z=l fragments possessing the highest energy which is possible for a 

given beam, with no intervening absorber. For example, if a 670 MeV jamu 2°Ne 

beam was to be measured, the discriminator threshold would be adjusted to cut all 

signals substantially smaller than those produced by a 670 MeV (0.247 KeV j J.Lm in 
't. 

water) proton. 

Signals collected and integrated by the silicon and germanium preamplifiers are 

also passed to pseud~Gaussian shaping amplifiers. The output from the silicon 



2 DETECTOR CONFIGURATION AND SYSTEM ELECTRONICS 10 

SI 

S 
C 
I 
N 
T 

Oe 

TJCST PULSE 
INPUT 

I 
I 
I HDR I 
LD~O _____ I 

>--...-IDISO 

PILE 1---, 
UP 

DELAY 

DELAY 

DELAY 

C 
A 
M 
A 
C 

A 
0 
C 

T 
R 
I 

DELAY 0 
OATEI-~-t C 
CEN E 

R 

* Produced on BIOVAX computer 

Figure 3: Schematic diagram of BERKLET electronics 
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preamplifier is sent to two shaping amplifiers, one being set at low gain and the 

other at high gain. Dual amplification effectively increases the range in LET which 

can be studied simultaneously by allowing events to be analyzed in high and low 

LET ranges, the results of which can be later merged to yield a continuous LET 

histogram. For a 670 MeV /amu 20Ne beam, the amplifier gains were 480 and 13,340. 

Signals from the silicon preamplifier are also passed to the high dynamic range 

(HDR) discriminator. The HDR discriminator, designed at LBL, consists of two 

stages, a fast triangular shaping preamplifier and a high sensitivity discriminator. 

Special care was taken in the design of the amplifier to insure fast overload recovery 

and to provide a high degree of stability in the baseline following overload. This 

newly designed discriminator has a dynamic range of 1:2000, a 10-fold increase over 

its predecessor. The discriminator's threshold is adjustable and is usually set to 

trigger on events produced by the lowest LET J)rotons. For example, when measur

ing a 670 MeV /amu 20Ne beam, one would expect to encounter a few protons with 

a velocity. approximately equal to ~hat of the initial primary particle. A 670 MeV 

proton will deposit 188 KeV in the 400 p.m silicon detector. The threshold, in this 

case, was routinely set to 150 Ke V to permit triggering on the fast proton events 

while cutting detector noise below the threshold energy. With the threshold set to 

the low value of 150 Ke V, the discriminator was still capable of generating clean 

trigger signals from very high LET neon particles near their stopping point. Setting 

the threshold of a standard discriminator to a comparably low value will result in 

the production of a ringing trigger for high LET events. Triggers from the HDR 

discriminator are conducted to a module which tests for coincidence between the 

scintillator and silicon pulses and to a pile-up rejection module. The latter prohibits 
I 

two or more pulses, arriving within the processing time of the LET signals, from 

being confused as a single event, unless the pulses arrive at the module within a 

300 ns window. In this case the limit~tions of the circuitry will be exceeded and 

the offending pulses will be treated as a single event. During an experiment, low 

particle fluxes are utilized so the probability that two events occur within the 300 ns 

window is negligible. The flux is typically on the order of 1 x 10· particles/cm2.s. 

In order for an event to be accepted as being valid, a signal from the scintillation 

detector discriminator and a signal from the HDR discriminator must be received 
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by the coincidence module within 150 ns of each other. This trigger signal and the 

signal from the pile-up rejection circuitry are then input into an .AND. gate. A 

valid event trigger is produced if and only if the two signals entering the .AND. 

gate are logically true. Once a valid event trigger is produced, the pulses from 

the scintillation, high and low LET silicon, and residual energy detectors can be 

processed, digitized, and stored on a 33-megaword disk via a CAMAC interface on 

aPDPll/44 computer. 
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3 Data Analysis 

It is well established that a particle can be identified given its LET and energy 

[6,7,8,9,10,11]. BERKLET data analysis utilizes this criterion for particle identi

fication; however, in order to facilitate the analysis of a large number of events 

(typically on the order of 5 x 104) a two dimensional histogram method is used in 

lieu of an event by event method. Event by event methods, such as the time of 

flight spectrometer measurements of W. Schimmerling et a1. [10,11,12], are more 

suitable for making accurate determinations of differential fragmentation cross sec

tions. When a valid event occurs in the BERKLET the scintillator, high and low 

gain silicon, and germanium detector pulses are processed and eventually digitized 

by a 2048 channel analog to digital converter (ADC) for storage on magnetic disk. 

BERKLET analysis for a particular beam measurement begins by mapping the LET 

and residual energy for each ·event into a 128 x 128 pixel histogram (see figure 4). 

Next, using the Bethe stopping power equation [13], the set of expected theoretical 

lines for LET as a function of E are calculated and plotted on the histog~am. The 

BERKLET data points are seen to cluster near the theoretical lines [5]. All events 

mapped to a given pixel are assigned a value of Z which corresponds to that value 

of Z which was used to generate the nearest theoretical line. Once this assignment 

has been accomplished for all of the pixels, the two-dimensional histogram for the 

entire spectrum can be decomposed into its constituent two-dimensional histograms 

for each Z. This enables a researcher to analyze a particular fragmented beam by 

extracting information concerning the individual elements whi~h make up the beam. 

For example, the LET, residual energy and approximate velocity distributions can 

be determined for each Z, along with statistics such as the relative numbers of frag

ments of each Z and their respective dose average and track average LETs. Track 

and dose average LETs are determined by the ratio of the first moment of LET 

to the number of events and the ratio of the second moment of LET to the first 

moment of LET, respectively. The track and dose average LET for a collection of 

particles having Z ranging from Zi up to and including Zi can be determined by 

the following formulas: 
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LETt 

where: 

E=~~z;lEn Nn x(LET .. )2]Z" 

Ez~=z;(En NnxLET .. )z" 

(track average LET) 

(dose average LET) 

N n - the number of particles in the nil, bin 

LETn - the LET of the nth bin 

Zi - the minimum Z 

Z· , - the maximum Z 

( )z" - events with Z = Z" 

14 

(1) 

(2) 

Since the newly configured BERKLET amplifies the signals from the silicon 

LET detector with both a low gain and high gain amplifier, two LET versus E 

histograms can be generated, effectively covering two ranges of LET. The analysis 

of the data is accomplished by merging results derived from the two histograms. 

Dual amplification permits fragment identification down to Z=1 for heavy-ion be~ __ 

with a primary Z as high as 12, a substantial improvement over early BERKLET 

measurements which could not differentiate fragments below Z=5 for a 2°Ne beam. 

The reason behind this improvement is simple. In the linear response region of 

operation, the pulse height output by the silicon detector is proportional to Z2. 

Therefore if the amplifiers are set to allow detection of the high Z particles, low Z 

particle events are bunched into the bottom few channels of the ADC. The high 
I 

gain silicon detector amplifier, however, produces a distribution of low LET events 

in the ADC which renders them amenable to analysis. The range of Zs which can 

be best handled by each of the two LET histograms must be established for each 

heavy-ion beam with a given primary Z and energy. 

.. 
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Figure 4: Two-Dimensional LET versus E Histogram for a 670 MeV jamu 20Ne 

Beam, and 20.67 em water absorber 
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4 Event Validity 

Figure 5 depicts the two dimensional histogram obtained for a 670 MeV J amu 2°N e 

beanf;~d 20.67 cm of water with the ordinate as the energy deposited in the 

scintillator and the abscissa the energy deposited in the low gain LET detector. 

Clearly, fragments with a given Z are seen to congregate at a certain point on 

the histogram. However, as evidenced by the figure, there exists a large number 

of events which deposit the expected amount of energy in the LET silicon detector 

(Le., energy clearly corresponding to particles with Z's ranging from 1 to 10) while 

depositing little energy in the scintillator. Since an event will only be recorded 

by the detector's system if signals are presented by both the scintillator and LET 

detectors in time coincidence, these "abnormal" events must be generated by a 

process different from that of a single particle traversing the two detectors. The 

events which group along the abscissa are seen to have centroids which are shifted 

towards a somewhat lower energy in the LET detector than "normal" events with 

the same Z. Figure 6, a magnified section of the scintillator versus residual energy 

histogram for the same beam at the "abnormal" primary LET region, yields a clearer 
~-.-- -~--

picture as to the types of events which are accepted as being valid by the BERKLET 

electronics. The events selected for figure 6 are those which deposited an amount 

of energy in the LET detector near that expected for the primaries. The events 

depicted in the histogram into three different categories, which have been labeled, 

Pa , Pb, and P'. Events near P' have a slightly greater residual energy than the 

"normal" primaries while registering very little energy in the scintillator, suggesting 

that these primary particles did not traverse the scintillator. The difference in 

residual energy between the "normal" primary events and P' was measured to be 

approximately 5 MeV Jamu. The residual energy of a 670 MeV Jamu 20Ne beam after 

passing through 20.67 cm of water is 387 .5 MeV J amu. The ~E for the last 2.5 mm of 

absorber (Le., the scintillator) is calculated to be approximately 4 MeV Jamu which 

is close to the 5 Me V J amu difference observed. We believe events of type P' are 

multi-particle events. In this type of event a heavy particle misses the scintillator but 

hits the LET detector. The coincidence condition is met by a lighter accompanying 

particle which hits the scintillator. See figure 7b. A related argument may me 
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Figure 5: Two-Dimensional Histogram, Scintillator versus LET for a 670 MeV /amu 

2°Ne Beam, 20.67 cm water absorber 
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Figure 6: Two-Dimensional Histogram, Scintillator versus Residual Energy for a 

670 MeVjamu 20Ne Beam, 20.67 cm water absorber, magnified section 
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Figure 7: Valid single and multiparticle events in the BERKLET detector sys-
I 

tem. a. a valid event produced by a fragment traversing both scintillator (I) and 

silicon (II) detectors before entering the germanium detector (III). h. a heavy frag

ment (.) misses the scintillator but hits the silicon detector, with the required 

scintillator signal resulting from a light companion fragment (.). c. a heavy frag

ment (.) passes through the light guide while an accompanying light fragment (.) 

traverses the scintillator. d. a fragment misses the scintillator but hits the scintil

lator light guide with sufficient velocity to produce Cherenkov radiation and hence 

a signal in the scintillator channel after which it passes through the silicon detector 

producing a valid event. 
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made for the Pa, events. Suppose the principal particle of a multi-particle event 

misses the scintillator but hits the scintillator detector light guide. Since the light 

guide is approximately twice the water equivalent thickness of the scintillator, one 

would expect to see a difference of approximately 8 MeV J amu between events of 

type pI and Pa, and in fact this is in good agreement with the histogram. Figure 7c 

illustrates this class of events. 

The P" events of figure 6 have a residual energy equal to the Pa, events and 

are therefore thought to be produced by an event in which the principal particle 

passes through the light guide. However, these events result in the deposition of less 

energy in the scintillator and have a narrower distribution than the Pa, events. The 

signal in the scintillation detector from P" events is due to Cherenkov radiation. 

Accelerated particles passing through matter result in Cherenkov radiation with 

frequency w if the velocity of the particle exceeds the phase velocity of light with 

the same frequency in the medium. As stated earlier, a 670 MeVJamu 2°Ne beam 

will have a residual energy of 387 Me V J amu after· passing through 20.67 cm of 

water. The speed of these particles can be readily calculated and is found to be 

0.71 X 10-le where e is the speed of light in vacuum. The index of refraction for the 

lucite light guide is approximately 1.5 (disregarding any w dependance),-therefore-;,- .. -._-- - . 

the phase velocity of light in the light guide is 0.67 x -I e. Clearly since the speed of 

the incident particles exceeds the phase velocity of light, Cherenkov radiation will 

occur in the light guide. We believe the P" events to be due to a single particle which 

passes through the light guide and LET detector. Cherenkov radiation is produced 

in the light guide which is picked up by the PMT leading to a positive coincidence 

condition between the LET detector and the scintillation detector. This type of 
I 

event is illustrated in figure 7 d. As a test on the validity of Cherenkov radiation as 

an explanation for this class of events we calculated the thickness of absorber which 

would be necessary to lower the velocity of the particles in question such that the 

Cherenkov condition could no longer be met. The Cherenkov threshold thickness 

was calculated to be 24.9 em of water. We analyzed a series of histograms like 

the one in figure 6 for a range of absorber thicknesses (Le., 0.67, 10.67, 20.67, and 

25.67 em) and indeed at 25.67 cm of water the P" type events ceased to exist. 

The Ph events occur with nearly the same frequency as the desired normal events 
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until the Cherenkov radiation cutoff absorber thickness is reached. These events 

produce acceptable signals in the LET and residual energy detectors. However, in 

order to be consistent with our goal to measure the radiation field that a biologi

cal sample of dimensions near that of the scintillator detector (~ 5 cm diameter) 

would be subjected to, we routinely remove these events from the analysis with 

the BERKLET software, by placing a cut on the scintillator channel. A few of the 

lowest LET protons will be lost by this method. The PtJ and P' events can not be 

removed from the analysis since the energy they deposit in the scintillation detector 

is equivalent to that of light fragments, hence cutting these events would result in 

the loss of legitimate light particles from the spectrum. These events have a slightly 

shifted residual energy and are subject to edge effects in the LET detector. Their 

frequency is relatively low and therefore their effect on the full spectrum is minimal. 
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5 BERKLET Measurements 

Measurements of 670 MeV /amu (Bevalac extraction energy) 20Ne beams wereob-

tained with the BERKLET. The BERKLET was positioned at beam isocenter, .: 

approximately 330 cm from the upstream side of the water column. The diameter 

of the' 2°N,e beam at the upstream face of the water column was approximately 

7 cm fuil width half maximum. Figure 4 depicts the LET (ordinate) versus energy 

(abscissa) histogram obtained using the low gain silicon amplifier with 20.67 cm of 

water absorber in the 670 Me V / amu 2°Ne beam. Particles having the same atomic 

number are seen to form a single cluster. Those particles with Z's ranging from 

10 down through 6 are clearly distinguishable from each other. The curves repre-

senting particles with Z's less than or equal to 5 have begun to overlap making the 

determination of their Z difficult. Figure 8 depicts the LET versus energy histogram 

for the same beam and water column setting using the high gain silicon amplifier. 

Fragments having Z's of one and two are seen clearly. 

The figure typifies the BERKLET's ability to detect and discriminate low Z 

events, at least for measurements made at positions prior to the Bragg peak. The 

double cluster seen for the protons is an artifact, produced by instability in the base 

line of the residual energy detector. Since no acceptance requirement is placed on 

the residual energy detector, the baseline instability does not result in the loss of 

any protons and the LET distribution is unaffected. 

As the amount of water absorber is increased and BERKLET measurements 

are taken increasingly closer to the Bragg peak, an increasing number of proton 

events become mislabeled as helium events because of cluster ,overlap. The number 

of proton events lost in this way remains relatively small through the Bragg peak, 

with the most significant statistical effect being a decrease in the second moment 

of the proton energy distribution. 

In Figure 8 a considerably greater number of helium particles are detected than 

protons. This was true throughout the measurements. We believe two phenomena 

are responsible for the observed results. Firstly, during a fragmentation event, 

fragments may be created in such a way that they arrive at the detector within the 

minimum time necessary to discriminate between two particles and are therefore 
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Figure 8: Two-Dimensional LET versus E Histogram for a 670 Mev jamu 2°Ne Beam 

for Low Z Events and 20.67 em water absorber (low LET histogram). The cluster 

of events having the lower LET is due to protons and the cluster with higher LET 

is due to helium ions . 
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treated as a single particle. Since energy deposition in the solid state detectors is a 

function of the charge on the particle squared, the energy deposited by two particles 

will be the sum of the squares of their respective charges. H the charges on the two 
, 

particles are close in magnitude their combined effect will be to produce an event 

which appears to be due to a single particle having a charge equal to the square 

root of the sum of the squares of the participating particles. H, however, there 

is a significant difference between the charge on the two particles (e.g., Ne with 

Z= 10 and H with Z= 1) the sum of the squares of the charges is approximately 

equal to the square of the greatest charge. In this case the resulting event looks 

as though it was produced by a single particle having the charge of the particle 

with the highest Z. The presence of the lighter particle is masked. In order to 

determine the importance of this phenomenon on BERKLET measurements, one 

must have a sufficient understanding of the spatial and velocity distributions of 

particles produced during fragmentation. We are presently engaged in experiments 

which will resolve this question. 

The second phenomenon, which is important in considering the relative yields of 

particles, is multiple Coulomb scattering. The BERKLET is not a 4 7l" measuring de

vice and therefore does not account for all particles produced during fragmentation 

nor does it account for those particles which are scattered out of the acceptance win

dow of the detector. Accelerated particles passing through matter undergo many 

small angle deflections. The resulting deflection of a particle with respect to its 

initial trajectory is the statistical accumulation of the numerous small deflections, 

hence the term multiple Coulomb scattering. The angular scattering distribution 

function is approximately Gaussian for small angles and has a mean square angle 

which is a function of the particle's charge, momentum, and velocity and the ab

sorber's thickness and electron density. Multiple Coulomb scattering has been the 

subject of extensive treatment [14,15]. 

The following is a calculation of the effects of multiple scattering on the de

tection of selected particles with the BERKLET. We have assumed a number of 

approximations which simplify the calculation. 

The accelerated heavy-ion beam prior to the absorber diverges at a constant 

rate and has a radial distribution which is approximately Gaussian. Let R be a 
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random variable for the radial distance of a particle to the axis of the heavy-ion 

beam, with probability density function f,.(r) given by 

I ( ) _ 2 _,.2/2t1~ 
J,. r - ~ ~e , 

O',.y 27r 
r E [0,00) (3) 

where 0',. is proportional to the distance along the beam's axis. Let 9 be a 

random variable for the angle through which a particle is scattered from its original 

direction after traversing the absorber. The angular probability density function, 

g, (8), is approximately Gaussian for small angles and is given by 

(
LI) _ 1 _,2 /2t1~ 

g, u - ~ ~e , 
0',y27r 

(4) 

It is convenient to use the projected angle of scattering (J', which is determined 

by projecting 9 on to the plane defined by the beam axis and the initial direction 

of the particle, making 9' a measure of the deflection of the particle relative to the 

beam's axis. The probability density function of the random variable 9' can also 

be shown to be approximately Gaussian for small angles and is given by 

9' E [-7r,7r] (5) 

To simplify the calculation we will accept a small degree of error and allow 0' to 

range from negative infinity to positive infinity (9' E [-00,00]). 

Let the divergence angle of the beam be a (i.e., the angle at which the beam 

is diverging prior to the absorber), then the angle between a particle's direction 

of motion and the beam axis after passing through the absorber is a + 9'. Let 

R' be a random variable representing the change in the radial distance from the , 
particle to the beam axis after traveling a distance l beyond the absorber. Clearly 

the relationship between R' and the angles a and S' is given by 

R' = ltan(S' + a) (6) 

or, using the small angle approximation for the tangent 

R' ~ l(9' + a) (7) 

and it can be shown that its density function is given by 
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( ') 1 (r' ) 1 (r' '" ,)2/2a2 gr' r = -g8' - - a = e- -. .' 
I I ur ,..j2i 

(8) 

where: 

I-'r' - la 

r' E [0, (0) 

Now let the random variable S be the radial distance of a particle to the axis of 

the beam at a distance I downstream from the absorber. S is given by a particle's 

radial distance from the axis of the beam prior to the absorber plus the change in 

radial distance due to the inherent divergence of the beam, and deflection of the 

particle in the absorber. 

S = R+R' (9) 

Therefore the density function of S, h( s), is the convolution of the two density 

functions fr (r) and gr' (r') 

which, upon integration and normalization, yields 

where: 

F - the distribution f unction of a 

standardized normal random variqble 

u. - Ju;, + u; 
1-'. - I-'r' = la 

s E [0, (0) 

. (10) 

(11) 

The probability that a particle will have a radial distance S less than or equal 

to some value t after traveling a distance I beyond the absorber is given by 

c F(,-"'·) F(~) 
P(O < S < t) = r h(s)ds = a. - a. - h. F(&) 

a. 

(12) 
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Now consider the following example, in which we simplify the fragmentation and 

multiple scattering process by assuming that all fragmentation occurs prior to the 

halfway point in the absorber and multiple scattering occurs solely in the second half 

of the absorber. Suppose the 670 Mevjamu 2°Ne beam used in our studies passes 

through 20.67 centimeters of water subsequently reaching the BERKLET 330 cm 

down stream from the exit face of the absorber. After the first 10.67 cm of water a 

number of fragments have been created which must traverse an additional 10 em of 

water. Assume that all particles with the same z have the same LET and let that 

LET be the corresponding track average LET as measured by the BERKLET with 

10.67 cm of water. Second, assume that the particles exiting the first 10.67 cm have 

undergone negligible scattering and therefore enter the remaining 10 cm of water 

with divergence equal to that of the pristine beam. 

The following data was obtained for a 670 MeV jamu 2°Ne beam with 10.67 cm 

of water absorber. 

track ave LET (Ke V p.m) 

H 0.48 

He 1.21 

Ne 27.48 

Next we calculate the probability that a particle remains within the acceptance 

window of the BERKLET after passing through the final 10 cm of water, given the 
I 

particle does not undergo further fragmentation. 

The mean squared multiple scattering angle can be calculated from the formula 

[14,15] 

(13) 

where: 
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N - number of absorber atoms per unit volume 

z - atomic number of projectile nucleus 

Z - atomic number of absorber nucleus 

e - electronic charge 

p - momentum of projectile 

v - velocity of projectile 

t - absorber thickness 

We also have the relation 

CT~ = 12CT;, = 12 < 9 2 > 
2 

This allows us to calculate the following values 

T pv < 9 2 > 2 CT,.' 
H 180 5.35 x 10-~ 1.42 x 10-5 77.3 

He 1600 4.36 x 10-5 8.56 X 10-5 4.66 

Ne 9920 2.63 x 10-2 5.88 X 10-5 3.20 

where: 

T - kinetic energy (Me V) 

pv - momentum x velocity (ergs), pv = E - m2c· / E 

< 9 2 > - mean square multiple scatter angle 

CT;, - variance of the density g,.,(r') (cm) 

28 

(14) 

For our beams the CT,. is known to be approximately 3 cm at the upstream surface 

of the absorber. Since CT. = {(CT~ +CT;) the values of CT. for pro~on, helium, and neon 

in our calculation are 9.29 cm, 3.70 cm, and 3.49 cm respectively. Furthermore since 

the BERKLET was positioned 330 cm downstream from the absorber and since the 

divergence angle, a, is known to be 1.79 x 10-5 for our beam, then J.L. = la = 0.59 

cm. 

The radius of the BERKLET scintillator is 0.25 cm. With no interposing ab

sorber the probability that a particle will hit the scintillator is given by equation 10. 

F( 0.59-0.25) 

r = P(O < R =5 0.25) = 1 - F(~) = 5.71 X 10-2 

5.0 

(15) 
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Similarly the probability that a proton hits the scintillator after passing through 

the 10 cm of water is 

F (0.59-0.25 ) 

AH = P(O < S :5 0.25) = 1- F(m) = 1.90 x 10-2 

9.29 

(16) 

the probability that a He particle hits the scintillator is 

(17) 

and the probability that a neon particle hits the scintillator is 

(18) 

Therefore the fractional loss of protons due to multiple scattering is 

r-AH 
;H = r = 0.67, (19) 

the fractional loss of helium particles is 

r - AHe 
'THe = r = 0.19, (20) 

and the fractional loss of neon particles is 

r-ANe 
'TNe = r = 0.13 (21) 

Finally the relative loss of protons to helium particles is given by 

(22) 

Although this calculation is qualitative in nature it does adequately demonstrate 

that the effect of multiple scattering is to scatter a much larger fraction of protons 

away from the BERKLET than helium particles. This at least partially explains the 

discrepancy seen between BERKLET spectra and expected results of 47r spectra. 

Figure 9 shows the relative number of events with a given Z for a given absorber 

thickness. The data points were normalized by the total number of events detected 

at each water column setting, hence the normalized relative number of events as a 

function of Z is defined as: 
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Figure 9: Relative number of events, F(Z), for a given Z versus absorber thickness 

(cm of water) for a 670 MeV /amu zoNe beam. F(Z) is defined to be the number of 

particles of a given Z divided by the total number of particles detected at a specified 

absorber thickness. Note that particles with Z = 3 through 5 are represented by a 

single curve due to the difficulty in separating these events in the Bragg peak. 

40 
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(23) 

where N z" is the number of particles having a particular atomic number, Zi is the 

minimum atomic number, and Zj is the maximum atomic number. Events with 

Z's ranging from three to five were the most difficult to separate at the Bragg 

peak, therefore we adopted the practice of pooling these events at all points on 

the Bragg curve. In figure 10 the calculated track average LET obtained from the 

measurements are plotted against absorber thickness for each Z. The dose average 

LET for individual atomic numbers was found to be very close to the track average 

LET throughout the absorption region. For the entire beam, however, the difference 

between track and dose average LET is substantial, as shown in figure 11. This 

figure shows the total beam track and dose average LET versus the amount of 

water absorber for a 670 MeV/amu 20Ne beam. The dose average LET at the peak, 

33.27 cm of water absorber, is seen to be approximately 7.9 times the track average 

LET. Figure 12 depicts the track and dose average LET's for the beam at each water 

column setting excluding events with Z of either 1 or 2. In this figure the ratio of 

dose average to track average LET at the peak is only 3.3. Clearly from figures 11 

and 12, it is evident that the inclusion of proton and helium fragments has little 

effect on the dose average LET while producing a substantial effect on the track 

average LET. The addition of the protons and helium particles in the calculation 

lowers the track average LET. This effect becomes more important as the amount 

of absorber is increased. Those particles having atomic numbers of either 1 or 2 

make a significant contribution to ~he total number of particles in the beam and 

hence the denominator of equation 1 section 3. Since their LET is relatively low, 

however, they contribute very little to the total LET of the beam, the numerator 

of the equation. Little difference is seen between the dose average LET curves of 

figures 11 and 12, because the Z=1 and Z=2 particles have very little influence on 

the first and second moments of LET and therefore contribute very little to both 

the numerator and denominator of equation 2 section 3. 

In figure 13 the fractional dose due to particles with Z up to and including a 

specified charge is plotted against the amount of absorber. The fractional dose is 
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Figure 10: Track average LET for a given Z versus absorber thickness (em of water) 

for the 670 MeV /amu 20Ne beam. 
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Figure 11: Total beam track and dose average LET's, plotted against the amount 

of absorber in em of water for the 670 MeV /amu JONe beam. 
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Figure 12: Total beam track and dose average LET's, plotted against the amount 

of absorber in cm of water for the 670 MeV /amu 2°Ne beam. This graph excludes 

those events which have been determined to have Z = 1 or 2. Note the absence of 

Z = 1 and 2 particles result in an increase in track average LET relative to that 

seen in figure 11. There is little difference between the dose average LET curves of 

figures 11 and 12 
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Figure 13: Fractional dose versus absorber (cm of water). The various curves 

represent the cumulative fractional dose distribution due to particles with Z = 1 up 

to and including the 'Z indicated in the legend. 



5 BERKLET MEASUREMENTS 36 

defined to be the ratio of the track average LET for a specified range of Z's to the 

track average LET for the entire beam. 

The statistical error in the measurements was discussed in [5]. 

-, 
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6 Effect of Tertiary Events 

In this section we carry out a simplified analysis of the fragmentation, and show the 

effect of tertiary events on the shape of the curves for number of particles versus 

absorber thickness (figure 9, section 5). Since the measurements reported in this 

paper were not made with the accuracy required for fragmentation cross section 

determination, only a semi-quantitative analysis will be carried out. We will limit 

the complete calculations to fragments with the highest atomic number (Le., Z = 9). 

The rate of change in the number of particles of type j with distance, due to 

fragmentation, is given by the differential equation: 

dN· T = -ujnvNj + I: ui,jnvNi 
Z i 

(24) 

where v is the velocity of the j particles, and n is the number density of interaction 

centers. The cross sections, Uj and Uij, are the total and partial inelastic cross 

sections respectively, where an inelastic interaction is taken to· be one in which 

the atomic number of the projectile undergoes a change. Since the BERKLET 

measurements only distinguish changes in nuclear charge, the subscripts i, j, and k 

refer to nuclear charge, and for fragmentation the only partial cross sections, Ui,;, 

which are nonzero are those in which j + 1 :5 i :5 k. Furthermore, by assuming 

that the product ujnv can be represented by a single macroscopic interaction cross 

section IJj, the differential equation for particle loss and formation can be written 

as: 
dN. A: d; ~ -lJiNj + I: IJi,jN. 

'=i+1 
(25) 

TheZ of the primary particle is denoted by k. For primaries all of the IJi,; are zero 

and only the particle loss term remains. 

dNA: -- = -J.l.A:NA: 
dz 

The solution to this differential equation, given NA:(O) = N:, is 

The differential equation for k - 1 particles is given by 

dNA:-l 
dz = -IJA:-1NA:-l + IJA:,A:-1NA: 

(26) 

(27) 

(28) 
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Substituting in for Nle gives, 

dNIe_I _ N N0 -""z 
d - -J.'Ie-I Ie-I + J.'1e Ie-I Ie e x ' 

(29) 

for which the solution is found to be, 

N () - N° -""_lZ + N;J.'Ie,Ie-I {-""z -""_lZ} Ie-I x - Ie_Ie e - e 
. J.'1e-I - J.'1e 

(30) 

Given the solutions to (25) and (29), we can estimate the corresponding total 

and partial cross sections for the neon primaries (Z = 10) and fluorine secondaries 

(Z = 9) from the data of figure 9. We begin by taking the logarithm of both sides 

of equation 4. 

(31) 

This equation is linear in the parameters In(N:) and J.'1e, and therefore estimations 

of these parameters can be obtained by the method of least squares. Using the data 

in figure 9 for primaries and water absorber thicknesses up to 30.67 centimeters we 

obtain N IO = 0.89 andJ.'IO = 0.065cm-I, corresponding to a mean free path of 15.4 

cm. This number for the mean free path is considerably shorter than the value 

measured with a previous version of the BERKLET [5] for presumably a similar 

experimental setup (19.83 cm). The inconsistency in this parameter could be caused 

by somewhat different experimental conditions, like beam focus point, between the 

old and the new measurements and will require further investigation. 

" 
Since the number of secondaries is very low relative to the number of primaries 

in the region of low absorber thickness, one can, for the purpose of simplifying 

absorption coefficient estimations, assume that initially all of the secondaries are 

produced by the fragmentation of primaries. In addition one can ~lso assume that 
I 

the number of secondaries undergoing fragmentation in this region is negligible. 

Given these two assumptions equation 2 becomes: 

dN· 
--1. ~ J.'1e ·NIe dx oJ 

where j < k. The solution to this differential equation is: 

N;(x) = N;J.'Ie'; (1- e-""(x)) + N; 
J.'1e 

(32) 

(33) 

This equation is linear in the parameters N; and J.'Ie,; and again estimations can be 

obtained by the method of least squares. For our data the following results were 

.,. 

- ... 
'" 
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obtained for particles with Z ranging from 9 to 6 . 

J N~ -1 
J ~10Jcm 

9 1.30 x 10-2 0.44 X 10-2 

8 0.94 X 10-2 0.67 X 10-2 

7 0.72 X 10-2 0.55 X 10-2 

6 0.77 X 10-2 0.63 X 10-2 

A further parameter estimation was achieved by substituting these absorption co

efficients back into equation 7, and performing an iterative minimization of the X2 

merit function according to the Levenberg- Marquardt method. Note that a non

linear approach is required since these equations are not linear in the paraineters in 

question. This procedure was used only for particles with Z equal to 9 because each 

time the atomic number decreases by one an additional parameter remains to be 

estimated by the nonlinear technique. We found for equation 7 ~9 = 3.7 X 1O-2cm-l. 

An attempt to extend this stepwise method of parameter estimation to secondaries 

with Z = 8 was not successful because of excessive uncertainty in the data and the 

consequent instability of the solution. 

Figure 14 shows the curves which were generated by this series of estimations, 

plotted with the data of figure 9. The dotted lines are the results of considering only 

particle loss due to fragmentation in the case of the primaries and only creation of 

particles by primary fragmentation in the case of the secondaries (Z= 9). The solid 

line is the results of our combination linear and nonlinear estimations of absorption 

coefficients for fluorine nuclei. This curve is seen to fit the data reasonably well. 

Confidence intervals have been excluded since this calculation is considered to be a 

first order approach to the parameter estimation. 

From the above simplified estimation we can conclude that the fragmentation 

of secondary into tertiary particles modifies the beam composition at points cor

responding to long absorber thickness in a substantial way. Near the Bragg peak 
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region, the number of fluorine particles is less than half of those generated by the 

primary fragmentation. We are encouraged by the above results and plan to carry 

out more precise measurements in an effort to extend this method of analysis to 

lower Z particles. ~ 
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Figure 14: F(Z) versus cm of water column absorber for nuclei with Z of 9 and 10. 

Data was obtained from a 670 MeV /amu Neon beam.The dotted curves represent 

estimation of macroscopic fragmentation cross sections by least squares methods for 

primary loss and Z = 9 formation. The solid curve represent additional estimation 

of cross sections by nonlinear methods for secondary particles with Z = 9. 
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7 Conclusion 

We have demonstrated the usefulness of the BERKLET for characterizing frag

mented, accelerated heavy-ion beams. For 670 MeV jamu 2°Ne we were able to 

analyze a full range of fragments from Z=10 down to and including Z=1. Large 

numbers of fragments with Z's of 1 and 2 could be detected and their contribution 

to the full beam statistics analyzed. The proton and helium fragments were shown 

to have little effect on the total dose average LET, although their effect in lowering 

the total track average LET was substantial (e.g., at the Bragg peak, the inclusion 

of the proton and helium particles reduced the beam track average LET by approx

imately a factor of 0.4). The contribution to the dose by the proton and helium 

particles was seen to be small, but their contribution did become more significant 

beyond the Bragg peak. 

Cell survival has been generally accepted to be roughly proportional to the 

square of the LET (ie., dose average LET). Therefore since the contribution to dose 

by the low LET particles is small in the region prior to and including the peak, 

one can expect their impact on cell survival to be even less significant due to the 

squared dependence of survival on LET. In radiation biology research a desirable 

goal is to explain cell killing and survival in terms of the interaction of various 

physical, chemical, and biological processes. It has been demonstrated that LET 

alone is not sufficient to explain cell survival [3,4]. In fact particles having different 

charge but the same LET will produce different amounts of cell killing and subse

quently different degrees of cell survival. Other physical quantities which depend 

on the natures 'of the beam and target have been suggested as' offering more insight 

into the biological effects of the irradiation than does LET. For example, two of 

these candidates are %.2 j rp [2,16] where %.2 is defined as the effective charge on 

the projectile and {32 is its velocity relative to the speed of light squared; and )(o/.A 

(the mean number of "prelesions" per critical region) [17], where Xo is the average 

length of a critical region along a projectile track and .A is the mean distance be

tween biochemical "prelesions". Both of these quantities suggest that information 

regarding the individual particles is vital for a thorough understanding of the bio

logical effects they produce. The BERKLET spectra would be useful in providing 

... 
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the necessary information to aid in the prediction and explanation of the biological 

effects which may result from fragmented accelerated heavy ion beams. 
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