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ABSTRACT

The importance of nuclear collisions of cosmic ray particles

in a counter detector telescope is studied by simple Monte

Carlo techniques. The interest concentrates on the cuarge

region just below iron and the calculations are restricted

to fully relativistic cosmic rays. It is found that it is

difficult to avoid a blurring in the charge spectrum from

nuclear collisions leading to considerable systematic errors

in some abundance ratios.



1. INTRODUCTION

To get an idea of the advantages and disadvantages of different

detectors in studies of the cosmic ray charge spectrum the cos-

•ic ray group at Lund has started a series of investigations

concerning the errors to be expected with different detector

systems. The reason is a desire to select such cosmic ray mea-

surements in which our nuclear emulsion technique is most im-

portant to apply.

One difficulty in the determination of the cosmic ray charge

spectrum is that some primary particles interact with nuclei

in the detector material. Such events might be assigned a charge

value that is lower than the charge of the primary nucleus and

che misidentification will lead to an erroneous charge spectrum.

This effect is especially serious for comparatively rare elements

with nuclear charge number just below a very abundant element.

One example is the elements in the charge interval 21 < Z < 25

just below iron.

In electron sensitive nuclear emulsion it is possible to exclude

most of the nuclear collisions by microscopic examination along

the particle tracks. In a counter detector telescope some colli-

sions may be excluded by comparing the signals from the various

detector elements. Nevertheless it is difficult to exclude^with

high efficiency^ nuclear collisions with only a small loss of

charge.

This report deals with the importance of nuclear interactions

in a counter telescope consisting of fairly thick detector ele-
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ments. The problem is studied by means of a Monte Carlo simu-

lation technique. The calculations are based on a very simple

model of a counter telescope which is assumed to be exposed to

relativistic particles with 6 = 1 . This means that the veloci-

ty loss when a particle traverses the telescope may be neglec-

ted and that it is unnecessary to introduce any energy spectrum.

2. MODEL FOR A COUNTER TELESCOPE

I have employed a very simple model of a counter telescope for

the Monte Carlo simulation. The telescope is snown schematically

in Figure 1. On the top there are two plastic scintillator ele-

ments D 1 and D 2. I have chosen a plastic of type NE 102 A

(Nuclear Enterprise), which is much used. The third detector

element, D 3, is a Cerenkov detector of type Pilot. At the

bottom is a third scintillator D 4. The thickness of the detec-

tor elements has been assumed to be 0.8S, 0.85, 3.0 and 1,3 gem'

respectively corresponding to available thickness values. The

pulses of light from the different detector elements are registe-

red by photomultipliers and the signals are assumed to be pulse

height analyzed separately.

The rate of energy loss of a particle by ionization in a scin-

tillator is given with good approximation by (see for example

Webber et al.

3j • C — In C B2 ,

where Z and 3c are the charge and the velocity of the particle

respectively and C and C are constants. Formula (1) is a va-

riant of the Bethe-Bloch formula which I have assumed to be

applicable even for fully relativistic nuclei. The constant C

is approximately C • 2 mec
2/I, where »ec

2 - 511 keV and the
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ionization potential is I • 62.6 eV for NE 102 A. The constant

C is chosen so as to make dE/dX = Z2 with X in gen" and with

B - 1.

If the rate of energy loss is small the corresponding rate of

light emission dL /dX is proportional to the rate of energy loss,

but for large rates a saturation effect turns up, which can be

described by a second degree expression (Chou •*)

Ai d E

HL T»

dX d̂X'

This effect has been studied in detail by Webber et ål. ' and

I have adopted the values a • 3.17 • 10* and b • -1.56 • 10

from their work.

For the (erenkov detector the pulse of light is

dL

dX" * c* z ^'Jirf^ ' (3)

where n is the index of refraction and C is a constant. There

is no observable saturation effect for this type of detector.

The signals from the detector elements are not exactly those

given by the formulas above; rather there is a statistical dist-

ribution of the signals. There are many reasons for this dist-

ribution among which the following may be mentioned.

1) The statistical nature of the light production process.

2) Non-uniformities in light production capability and light

collection over the area of the detector.

3) Photoelectron statistics in the photomultipliers.

4) The variable path length in it detector element depending

on the direction of incidence.

I have chosen not to make any detailed assumptions about the
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influence of these effects, but have proceeded from the app-

roximation that all particles enter parallel to the vertical

axis of the telescope and that the effects,taken together, give

rise to a normal distribution of the measured charge values.

3. MONTE CARLO SIMULATION OF NUCLEAR COLLISIONS IN A

DETECTOR TELESCOPE

With the model of a counter telescope that was described in

Section 2 I have simulated nuclear collisions by the Monte Carle

method. An example of the disintegration of a particle colli-

ding twice in a detector element is shown in Figure 2. S ,...,

S are the signals from each fragment as described below. The

following scheme has been used to determine the signal in a de-

tector element for a Tandom particle which eventually is involve'.!

in one or more nuclear collisions:

3.1 The path length for a particle in a material to the point

where it collides with a nucleus is distributed according to an

exponential probability distribution. For each particle en-

tering a detector element a path length X is drav«n from an ex-

ponential distribution with the mean value A. The mean free

path A for destruction of iron is 10.9 gem and 11.6 gem" in

NE 102 A and Pilot respective. If X is larger than the thick-

ness of the detector, the entering particle is considered to escape.

Otherwise a nuclear collision takes place after a path length X .

3.2 For a particle that collides with a detector nucleus we

have to decide what product nuclei are formed. I have assumed

that the products are one comparatively heavy fragment with a

charge greater than about a third of the charge of the primary

particle and a number of light nuclei, one of which may have

I > 3 whereas the others are alpha particles and protons. We
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leave out of account the production of pions as well as the

contributions from the decay of the excited target nucleus.

The possible total break up of the projectile is also ignored.

To each set of collision fragments I have assigned a segment

of the interval (0,l) proportional to the partial cross section

for production of the heavy fragment. A random drawing from

a uniform distribution over (0,l) is used to determine what re-

action is to be assumed to take place. For the produced nuclei

with Z > 3 new free paths are drawn in the same way as for the

primary particle and the procedure is repeated until the set of

particles leaving the detector element is fully determined. The

partial cross sections are discussed below. It is reasonable

to assume that the produced nuclei have the same velocity as the

primary nucleus.

3.3 The charge Z^ and the length X^ in the detector element

are now known for the primary particle and its possible frag-

ments. If the detector element is not the uppermost one and

if a nuclear collision has occurred in an overlying detector ele-

ment then the primary particle must be exchanged for the frag-

ments entering the detector element. In order to consider the

statistical spread in the signal, discussed in Section 2, a new
A

"charge" I- is drawn for each particle in the detector element

from a gaussian distribution with the mean value Z. and the

standard deviation 0.40 charge units. The value of the standard

deviation is chosen so as to make the spread in the final charge

distribution of the detector telescope equal to about 0.25 charge

units.

3.4 As described in Section 2 we can calculate the partial

signal:
dL.

si " air (z " zi» * " *) • xi '
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where k = 1 for scintillation detectors and k = 2 for Cerenkov

detectors. Finally the total signal in the detector element is

obtained by summation (compare with Figure 2):

SD - I St (5)

The same procedure is used for each detector element.

4. NUCLEAR COLLISION PARAMETERS

The mean free path in plastic has been calculated from the well

known geometrical cross section formula:

ait " *<ro Ai V j * ro At l/i - 2 & r > 2 • <6>

where the term 2Ar describes an overlap effect. A-̂  and At are

the mass numbers of the projectile nucleus and the target nucleus

respectively. According to Cleghorn et al. the constant r0

is 1.20 • 10~ m and Ar is 0.25 • 10" m. I have used this

formula for nuclear collisions between cosmic ray particles and

the carbon and oxygen nuclei in the plastic. On the other hand

the formula cannot be used for collisions with the protons in

the plastic. However, some measurements of cross sections for

these reactions exist (see for example the summary by Shapiro

and Silberberg .̂ The measured values fit well to the following

formula:

o i p - 31.5 • A.
0' 7 6 2 (mb) (7)

The mean free path for a nucleus in the plastic is

I nt

where the summation is to be extended over all target elements.

The entity. nt is the particle density of the target element t,
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whereas p is the total mass density of the detector. The mean

free path for absorption is:

A. = 1 , (9)

where P ^ is the probability for production of a nucleus with

atomic number i when a nucleus with the same atomic number i

collides with a target nucleus. P.• is calculated from partial

cross section data (see below).

As mentioned above the relative frequencies of various fragmen-

tation products in a nuclear collision are determined by the

partial cross sections. Only a few of these partial cross sec-

tions have been measured which means that we have to calculate

them. The semi-empirical cross section formula by Silberberg

and Tsao ' has been used in this work. Strictly this formula

is valid only for hydrogen targets, but the measurements of

Heckman et al. ' seem to indicate that the relative frequencies

of different fragmentation products are the same for carbon and

nitrogen targets as for hydrogen. I have, therefore, assumed

that the cross section formula of Silberberg and Tsao may be

used to calculate relative frequencies of different fragmenta-

tion products in collisions with the light nuclei of the detec-

tor material.

5. RESULTS AND DISCUSSION

As described above I have simulated an exposure with fully rela-

tivistic particles entering the detector telescope along the

normal to the detector elements. The assumed distribution of

500C particles on the elements with 21 < Z < 26 is shown in

Table 1. The relative abundances are taken from Webber et al. '

••"»,.•
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in the energy interval E > 850 MeV/nucleon.

5.1 Determination of charge and velocity.

If we know that only fully relativistic nuclei with a single

direction of incidence enter the detector and if we disregard

nuclear collisions in the detector, then it would be sufficient

in principle with a single detector element to determine the

charge of a particle. If we measure, on the contrary, in a place

where there are also particles with 6 < 1, then two signals are

needed to make it possible to determine the charge of a particle.

These signals must not have identical Z- and 6-dependence. This

condition is fulfilled in a detector telescope that includes a

scintillation detector and a Cerenkov detector. The signals

from the two types of detectors are often displayed .in a two-di-

mensional diagram in which each particle corresponds to a point.

For the counter telescope that is considered here we can relate

the average signal SM = (SD 1+SD 2)/2 in the two upper scintil-

lation detectors to the Qerenkov signal SD 3. By means of the ex-

pressions for the signals ?s factions of Z and 8 given in Sec-

tion 2 curves can be constructed in the diagram for various

values of Z or g. These curves may be used to determine Z and B

for a particle.

5.2 Events with primary iron nuclei.

In Figure 3a a diagram of the described type is shown for an

exposure with relativistic iron nuclei. It can be seen how a

large part of the points in the diagram stick together around

(Z"26, 0*1). These points mainly represent particles that have

not collided with nuclei in the detector elements D 1, D 2 or

D 3. The rest of the points represent nuclei that have collided

in at least one of these detector elements. Because the signals
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are proportional to Z2 although with some saturation effect

in the scintillation detectors, it is evident that the summed

signal from the secondaries in a nuclear collision is less than

the signal that would have been generated if the primary particle

had continued undisturbed. If we take into account the satura-

tion effect in the scintillation detectors and the fact that more

particles have collided when they leave D 3 than when they leave

D 1 and D 2, we find that the signal SD 3 decreases more and in

more events involving collisions than the signal SM. This effect

can be seen clearly in Figure 3a. A comparison with the curves 1

drawn in the figure shows that a point corresponding to an event

in which a particle collides in the detector is interpreted as

a particle with a lower Z and a lower 6. This circumstance is

serious in two respects:

1) a background is obtained in the charge spectrum from iron

nuclei colliding in the det or. This background obscures

the charge spectrum of the elements with 21 < Z < 25 which

are much less abundant than iron.

2) an apparent contribution of particles with 6 < 1 is obtained

in the charge region 21 < Z < 25. This effect might lead

to an erroneous steepening in the energy spectra of these

elements, that is to a decrease in the ratio N(21 < Z < 25)/

/N(Fe) with increasing energy.

The second point is unfortunately not possible to analyze further

without extending the Monte Carlo simulation to an energy spectrum.

I therefore restrict myself to point one. It is evident that

some method must be found to discriminate against the background

in the charge spectrum caused by nuclear collisions in the de-

tector telescope. A possible method is to compare the signals

in the two scintillators D 1 and D 2. In this way it should
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be possible to exclude part of the nuclear collisions in D 1

and D 2. At the same time one must of course accept such a dif-

ference between the signals SD 1 and SD 2 that can be ascribed

to the statistical variation of the signal strength.

Naturally those particles that collide first in D 3 cannot be

excluded by a condition on the signals SD 1 and SD 2. Unfortu-

nately such particles constitute a large part of all particles;

14% of the iron nuclei take part in their first collision in

D 1 and D 2, whereas 201 collide for the first time in D 3.

i have tried to exclude events in which the difference between

the signals SD 1 and SD 2 is greater than 12% of the average

signal SM. The result for the iron distribution is shown in

Figure 3b. Of the 3418 iron particles in the exposure, 1154

collide in D 1, D 2 or D 3. 212 of these are excluded by the

condition on SD 1 and SD 2. It is evident in Figure 3 that col-

lisions in the middle of the diagram are excluded with reasonable

efficiency, whereas a group of particles is left parallel to the

SD 3-axis and another group along a diagonal of the diagram.

The first group represents events in which the particles have

collided for the first time in D 3 or near the bottom of D 2,

whereas the second group includes events in which the particles

collide at an ea ly stage in D 1. Note that the latter events

are quite close to the curve for 8"1.

The restriction on SD 1 and SD 2 is thus rather inefficient.

It is eventually possible to reduce the 121-limit somewhat,

because no particle that has not collided in D 1 or D 2 is ex-

cluded by the restriction. However, tne effect of this must be

minor. There is a possibility to exclude some events in which

the particles collide in D 3 by introducing a restriction on

the signal SD 4 from the scintillator D 4. I have chosen to
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exclude such events where the signals SD 4 and SM after norma-

lization differ by more than 201. The larger limit in this

case is necessary to allow for the larger spread in the energy

loss in D 4 due to energetic <5-rays from above. It appears that

out of 1400 iron particles colliding in D 1 - D 4, 770, that is

somewhat more than half of the particles, are excluded by the two

restrictions together. In Figure 3r the distribution of the

signals for the iron particles is shown with the harder exclu-

sion conditions just described. A comparison between Figures 3b

and 3c reveals that the further restriction contributes conside-

rably to reduce the background from collisions in D 3.

5.3 Events with primaries in the charge interval 21 ^ Z S 26

Two dimensional matrices of the type in Figure 3 were also pro-

duced for an exposure with a complete charge spectrum in the

interval 21 < Z < 26 according to Table 1. A charge valae was

determined for each event as described above. Probabilities for

nuclear collisions in the detector were assigned to the elements

with Z < 26 in the same way as to iron.

The distribution of the charge values is shown in Figure 4a and

4b. The blank area corresponds to particles that traverse un-

disturbed. The black area describes particles that collide but

are excluded by signal restrictions. The cross hatched area

shows particles that collide but are not excluded by the signal

restrictions. The total charge distribution is the same in both

figures whereas the signal restrictions applied are different.

Clearly the condition |SD 1 - SD 2| < 121 (Figure 4a) is an in-

effective screen for colliding particles. In the same tine

Pigure 4b shows that the resolution is appreciably improved for

Z < 24 if the additional restriction on SD 4 is introduced.
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The standard deviation of the iron peak of non-interacting partic-

les is about 0.25 units of charge as determined by the input

data. This number agrees with th», values obtained in the best

measurements of the charge spectrum. It is easy to see that the

charge resolution would be very unsatisfactory if the "shadow"

of mainly iron secondaries produced in the detector might not be

removed. Evidently important abundance ratios would also be much

affected.

It is illuminating to calculate some abundance ratios with dif-

ferent restrictions. See Table 21 It is evident that the back-

ground in the charge spectrum causes serious errors in the abun-

dance ratios, even if the restrictions to the signals are applied.

It should be noted that even if all background might be removed

we would not obtain the correct values of the abundance ratios.

This is mainly an effect of the different mean free paths for

nuclei of different elements. In the ratios involving iron

particles there is also some influence of spill over to the

lighter elements. We can also see that the influence of the

background is worst for the elements with charge number close to

that of iron. It is interesting to see that the ratio of tita-

nium to cromium has a relatively large statistical error in spite

of the large number of particles in the exposure. This ratio is

an interesting measure of the energy at which fragmentation re-

actions take place in the cosmic ray source or in interstellar

space '.

5.4 Conclusions.

It is hard to see how to avoid the distortion of the charge

spectrum caused by nuclear collisions in the detector. A solu-

tion might be to increase the exposure time dramatically and to
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calculate the background in the instrument by Monte Carlo tech-

niques. In practice, however, such a program must be very diffi-

cult to carry out because of the uncertainty in the parameters

involved in the calculation.

Tha result clearly shows the importance of applying as many

measuring techniques as possible and that the advantages and dis-

advantages of the different techniques must be studied in detail
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Table 1

element

Fe

Mn

Cr

V

Ti

Sc

I

charge number

26

25

24

23

22

21

number of particles
in exposure

3418

295

386

212

542

147

5000



Table 2

all particles in the exposurs

with their assumed charge

particles with measured charge

particles that have not collided

all particles in the

particles fulfilling

particles fulfilling
applied restrictions

exposure

|SD 1 - SD 2|

all

< 121

Nf2O
N(Z5

0.

0.

0.

0.

.5<Z<23

.5<Z<Z6

(

29

51

48

34

).26

± 0.

± 0.

± 0.

± 0.

.5)

.5)

01

02

02

01

Nf23
N(Z5

0.

0.

0.

0.

.5<Z<25
,5<Z<Z6

0.20

24 ±

46 ±

4S ±

55 ±

0.

0.

0.

0.

.5)

.5)

01

02

02

01

Nf21.5<Z<22.5)

NO

1

1

1

1.

!3.5<Z<Z4.5)

1.40

51 ± 0

06 t 0

03 + 0

18 + 0

13

07

07

09
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FIGURE CAPTIONS

1. Schematic outline of the detector telescope.

2. An example of a splitting up scheme for an iron nucleus

traversing a detector element.

3. The horizontal axis shows the signal SD 3 in the Cerenkov-

-detector and the vertical axis shows the mean signal SM

in the scintillators D 1 and D 2 for a particle. The digits

give the number of particles with a certain combination

of signals, whereas x shows that the number exceeds nine.

The curves are calculated for constant charge and velocity

respectively.

a. Signal distribution for 3418 iron nuclei. .

b. The same as Figure 3a, but with those particles sor-

ted out that do not fulfil |SD 1 - SD 2| < 121.

212 particles are excluded by this criterion.

c. The same as Figure 3b but with those further particles

sorted out that do not fulfil |SM - SD 4| < 201,

where SM and SD 4 are normalized to the same detector

thickness. 770 particles are sorted out in this way.

4. Charge histogram for the whole exposure with 5000 particles

in the charge region 21 < Z < 26.

a. 3328 particles pass through D 1, D 2 and D 3 undistur-

bed. 1672 particles (black + cross hatched area) colli-

de. 295 ''black area) of them are excluded by the cri-

terion |SD 1 - SD 2| < 12%. 342 particles have Z < 20.5,

Of these, 188 are excluded.

b. 2978 particles pass through the defector telescope un-

disturbed. 2022 particles (blai i + cross hatched area)
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collide in the detector. 1110 (black area) of them

are sorted out by the conditions |SD 1 - SD 2| < 12t

and |SM - SD 4| < 20% (SM and SD 4 are normalized to

the same detector thickness). 342 particles have

Z < 20.S. 284 of them are sorted out.
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