PAUL SCHERRER INSTITUT

= Memorandum

Date: March 17, 2005

From: E. Morenzoni To: LEM Group
Phone:

Local: Cc: F. Pratt, ISIS
e-mail:

Revision of energy loss of muons in C as calculated by TRIM.SP (7 layers version)

F. Pratt noticed that the polystyrene data (LEM beam time 2003) make more sense if the
stopping profiles of muons in poystyrene (CgHg) are calculated with the stopping.dat input
file instead of stopicru.dat.
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Figl.:Calculated with stopicru.dat (parametrization for C according to ICRU49)
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Fig. 2 Calculated with stopping.dat (from Francis) (I do not know whether energy and
angular straggling are included here, but it should not make a huge effect).

Stopping.dat is the parametrization according to Anderson and Ziegler book [1]. It uses
only the first 5 parameters of the parametrization and it is good for muons up to 100 keV

energy (see appendix A).

In stopicru.dat we updated few years ago some of these parameters according to the
newer ICRU compilation of 1993 [2] (see appendix B). The program datmak uses as a
default stopicru.dat. (You can check in the *.inp file the parameters which are used).

For most of the elements there is not a big difference between stopping.dat and
stopicru.dat. The stopping powers in C according to AZ77 and ICRUA49 (figure 3) are also
very similar although ICRU49 (dashed green curve) tends to slightly underestimated the
stopping power as compared to AZ77 (black curve, barely visible).



H on amorphous Carbon
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Fig. 3: From Helmut Paul most recent compilation (web). Stopping.dat

AZT77 Stopicru.dat is according to ICRU49.

So the stopping profiles should also be similar. (There is a note in ICRU49 that this is valid

is according to

de%
10%
6%
5%
5%
4%
a%
de%
dei
3%
3%
3%
3%
2.1%
10%
4,.6%
lhe%
10%
la%
3%
3.5%
3%
10%
5.6%
%
%
1.9%
a%
10%
2y

for proton in amorphous C only for energies between 40 and 600 keV, which means
between ~4 and ~60 keV for muons, but see Fig. 3 this can also not explain the

difference). The problem is that TRIMSP does not take into account in the proper way the

fact that the Al parameter in ICRU is zero.

To solve the problem Al in ICRUA49 has to be set equal to A2 (i.e. 2.601). Another
possibility is to use the AZ77 parameters for C. The difference between the two

choices is small (see Fig. 4).
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Fig. 4: Stopping profiles of muons in Carbon with different parametrizations.

| changed in the stopicru.dat file the A1 parameter from 0.0 to 2.601 for Carbon
correspondingly.



Appendix A: from AZ77
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STOPPING FORMULAE USING TABULATED COEFFICIENTS (TABLE 2)

#*+3+ ENERGY: 1-10 keV #****

STOPPING = A; El/2 eV/(10!5 atoms/cm?)

k4« ENERGY: 10-999 keV *****
(STOPPING)! = (S ow)™! + (Spigw)™! eV/(10!5 atoms/cm?2)

SLow = A E4

StigH = (A3/E) In[1 + (A4/E) + (AsE)]

*¥+x+ ENERGY: 1000 keV-100,000 keV *****

A,B2 4 .
STOPPING=(A4/B)[In( N ;f )-B2-Z (‘;\i +3(InB),  eV/(10,5 atoms/cm?)
- 1=

‘E = HYDROGEN ENERGY/HYDROGEN MASS [keV/amu]

ooy A ST

“f = 400 MeV
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Appendix B: from ICRU49
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3.3 Input Data Used for Protons . .
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Fig. 3.3. Stopping cross section of amorphous carbon for protons. The experimental points are from Overbury ef al. (1979), Santry and
Werner (1981b), Arkhipov and Gott (1969), Gorodetzky et al. (1967), Sautter and Zimmerman (1965), Moorhead (1965), Ormrod and
Duckworth (1963), and van Wijngaarden and Duckworth (1962). The short-dashed curve is a Varelas-Biersack fit to his measurements made
by Bauer (1990). The long-dashed curve is the fit given by Andersen and Ziegler (1977), and the solid curve represents the cross section

adopted in this work.

3.3 Input Data Used for Protons

For the tabulation of stopping powers of elemental
substances for protons at energies below 1 MeV, use
was made of the empirical formulas of Andersen and
Ziegler (1977), originally introduced by Varelas and
Biersack (1970). For some materials, the numerical
values of the coefficients in the fitting formulas were
taken directly from Andersen and Ziegler; for some
materials the values of the coefficients were updated
to take into account new experimental information.
Andersen and Ziegler used as independent variable
not the energy, T, but a scaled energy, T,, which is
equal to T (in keV) divided by M,/u.” The stopping

" My/u is the ratio of the proton mass to the atomic mass unit
and has the value 1.0073.

cross section (T%) is fitted by the equations

€= €ow " Enigh/(€iow + €nign), (3.1a)
where \
€low = AT, (3.1b)
and
€high = (A3/T) In (1 + A,/T, + A;T). (3.1c)

Varelas and Biersack actually proposed a
T %®-dependence for e, as predicted by the free-
electron gas theory. Andersen and Ziegler found that
the use of an exponent 0.45 gave closer fits to the
experimental data. For large values of T, Eq. (3.1)
implies an energy dependence similar to that of the
Bethe theory, and at intermediate energies, around
the stopping maximum, it provides satisfactory repre-
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TABLE 3.1—Coefficients of the empirical formulas,

DN e
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1.254E+00
1.229E+00
1.411E+00
2.248E+00
2.474E+00

2.954E+00
2.652E+00
2.085E+00

1.951E+00
2.542E+00
3.791E+00
4.154E+00
4.914E+00
3.232E+00
3.447E+00
5.301E+00
5.731E+00
5.152E+00

5.521E+00
5.201E+00
4.858E+00
4.479E+00
3.983E+00
3.469E +00
3.619E+00
3.140E+00
8.553E+00
3.696E+00

4.210E+00
5.041E+00
5.554E +00
5.323E+00
5.874E+00
6.658E+00
6.413E+00
5.694E+00
6.339E+00
6.407E +00

6.734E+00
6.901E+00
6.424E+00
6.799E +00
6.109E+00
5.924E+00
5.238E+00
5.345E+00
5.814E+00
6.229E+00

6.409E+00
7.500E+00
6.979E+00
7.725E+00
8.337E+00
7.287E+00
7.899E+00
8.041E+00
7.488E+00
7.291E+00

1.440E+00
1.397E+00
1.600E+00
2.590E+00
2.815E+00
2.601E+00
3.350E+00
3.000E+00
2.352E+00

2.199E+00
2.869E+00
4.293E+00
4.739E+00
5.598E+00
3.647E+00
3.891E+00
6.008E +00
6.500E+00
5.833E+00

6.252E+00
5.884E+00
5.489E+00
5.065E+00
4.489E+00
3.907E+00
3.963E+00
3.535E+00
4.004E+00
4.194E+00

4.750E+00
5.697E+00
6.300E+00
6.012E+00
6.656E+00
7.536E+00
7.240E+00
6.429E+00
7.159E+00
7.234E+00

7.603E+00
7.791E+00
7.248E+00
7.671E+00
6.887E+00
6.677E+00
5.900E+00
6.038E+00
6.554E +00
7.024E+00

7.227E+00
8.480E+00
7.87T1E+00
8.716E+00
9.425E+00
8.218E+00
8.911E+00
9.071E+00
8.444E+00
8.219E+00

Egs. (3.1) and (3.2),

3. Electronic (! Collision) Stopping Powers in the Low-Energy Region

2.426E+02
4.845E+02
7.256E+02
9.660E +02
1.206E+03
1.701E+03
1.683E+03
1.920E+03
2.157E+03

2.393E+03
2.628E+03
2.862E+03
2.766E+03
3.193E+03
3.561E+03
3.792E+03
3.969E +03
4.253E+03
4.482E+03

4.710E+03
4.938E+03
5.260E +03
5.391E+03
5.616E+03
5.725E+03
6.065E+03
6.288E+03
6.205E+03
4.649E+03

6.953E+03
7.173E+03
6.496E+03
7.611E+03
7.395E+03
7.694E+03
1.185E+04
8.478E+03
8.693E+03
8.907E+03

9.120E+03
9.333E+03
9.545E+03
9.756E+03
9.966E+03
1.018E+04
1.038E+04
6.790E+03
1.080E+04
1.101E+04

1.121E+04
8.608E+03
1.162E+04
1.183E+04
1.051E+04
1.223E+04
1.243E+04
1.263E+04
1.283E+04
1.303E+04

for the electronic stopping cross sections for protonsi

1.200E+04
5.873E+03
3.018E+03
1.538E+02
1.060E+03
1.279E+03
1.900E+03
2,000E+03

2.634E+03 .

2.699E+03
1.854E+03
1.009E+03
1.645E+02
2.327E+02
1.560E+03
1.219E+03
6.451E+02
5.300E+02
5.457TE+02

5.533E+02
5.609E +02
6.511E+02
9.523E+02
1.336E+03
1.461E+03
1.243E+03
1.372E+03
5.551E+02
8.113E+01

2.952E+02
2.026E+02
1.100E+02
2.925E+02
1.175E+02
2.223E+02
1.537E+02
2.929E+02
3.303E+02
3.678E+02

4.052E+02
4.427E+02
4.802E+02
5.176E+02
5.551E+02
5.925E+02
6.300E+02
3.978E+02
3.555E +02
3.709E+02

3.864E+02
3.480E +02
3.924E+02
3.948E+02
2.696E+02
3.997E+02
4.021E+02
4.045E+02
4.069E +02
4.093E+02

L112E-02 4
9.995E-03 _
8.930E-03 4
9.117E~08 *
8.413E-03
8.829E-03
7.782E~03 i
7.361E-03
8.763E-08
2.242E-02 |

6.809E-03 |
6.725E-03
9.689E—-03

6.087E-03
6.003E-03
5.889E~08

5.765E~03
5.587E-03
5.376E-03 4
5.315E~03
5.151E-03 < -
4.919E-08 i
4.758E-03
1.676E-02 .}
4.626E-03 ‘' 4
4.540E-03

4.474E-03 M
9.074E-03 ¥
4.402E-03
4.376E-03
6.206E-03
4.447E-03
4.511E-03
4.540E-03
4.420E-03
4.298E-03
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