27. Passage of particles through matter 11

27.2.6. Energy loss in mixtures and compounds: A mixture or compound can be
thought of as made up of thin layers of pure elements in the right proportion (Bragg

additivity). In this case,
dE dE
Fad D=

where dE/dz|; is the mean rate of energy loss (in MeV g cm™2) in the jth element.

Eq. (27.1) can be inserted into Eq. (27.8) to find expressions for (Z/A), (I), and (§); for
example, (Z/A) = Y w;Z;/A; = > n;Z;/ > n;A;. However, (I) as defined this way is
an underestimate, because in a compound electrons are more tightly bound than in the
free elements, and (§) as calculated this way has little relevance, because it is the electron
density which matters. If possible, one uses the tables given in Refs. 24 and 31, which in-
clude effective excitation energies and interpolation coefficients for calculating the density
effect correction for the chemical elements and nearly 200 mixtures and compounds. If a
compound or mixture is not found, then one uses the recipe for § given in Ref. 22 (repeated
in Ref. 1), and calculates (I) according to the discussion in Ref. 11. (Note the “13%” rule!)

(27.8)

27.2.7. Ionization yields: Physicists frequently relate total energy loss to the number
of ion pairs produced near the particle’s track. This relation becomes complicated for
relativistic particles due to the wandering of energetic knock-on electrons whose ranges
exceed the dimensions of the fiducial volume. For a qualitative appraisal of the nonlocality
of energy deposition in various media by such modestly energetic knock-on electrons,
see Ref. 32. The mean local energy dissipation per local ion pair produced, W, while
essentially constant for relativistic particles, increases at slow particle speeds [33]. For
gases, W can be surprisingly sensitive to trace amounts of various contaminants [33].
Furthermore, ionization yields in practical cases may be greatly influenced by such factors
as subsequent recombination [34].

27.3. Multiple scattering through small angles

A charged particle traversing a medium is deflected by many small-angle scatters.
Most of this deflection is due to Coulomb scattering from nuclei, and hence the effect
is called multiple Coulomb scattering. (However, for hadronic projectiles, the strong
interactions also contribute to multiple scattering.) The Coulomb scattering distribution
is well represented by the theory of Moliere [35]. It is roughly Gaussian for small
deflection angles, but at larger angles (greater than a few 6p, defined below) it behaves
like Rutherford scattering, having larger tails than does a Gaussian distribution.

If we define 1
00 = 0 ane = 75 Ospace - (27.9)
then it is sufficient for many applications to use a Gaussian approximation for the central
98% of the projected angular distribution, with a width given by [36,37]

132& 2 2/ Xo [1 +0.038 ln(a:/Xo)] . (27.10)
Bep

Here p, B¢, and 2z are the momentum, velocity, and charge number of the incident particle,
and z/Xg is the thickness of the scattering medium in radiation lengths (defined below).
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12 27. Passage of particles through matter

This value of 8 is from a fit to Moliere distribution {35] for singly charged particles with
B =1 for all Z, and is accurate to 11% or better for 1073 < 2/ X < 100.

Eq. (27.10) describes scattering from a single material, while the usual problem involves
the multiple scattering of a particle traversing many different layers and mixtures. Since it
is from a fit to a Moligre distribution, it is incorrect to add the individual 8y contributions
in quadrature; the result is systematically too small. It is much more accurate to apply
Eq. (27.10) once, after finding ¢ and X for the combined scatterer.

Lynch and Dahl have extended this phenomenological approach, fitting Gaussian
distributions to a variable fraction of the Moliere distribution for arbitrary scatterers [37],
and achieve accuracies of 2% or better.

e A
hhh"“{---.. ¥ plane J?plane
Splans ~~-J | } \
* epiane

A

Figure 27.8: Quantities used to describe multiple Coulomb scattering. The particle
is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given
approximately by [35]

2
= exp —H‘— dQ | (27.11)
2r 62 202 |

2
1 plane
Vo 6o exp [— 295 ] dfplane (27.12)

where 6 is the deflection angle. In this approximation, 62 ~ (62 where

2
space plane,x + opla.ne,y) ’
the z and y axes are orthogonal to the direction of motion, and d2 = dfjjane z d0plane,y-
Deflections into Opjane,z and Opjane y are independent and identically distributed.
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27. Passage of particles through matter 13

Figure 27.8 shows these and other quantities sometimes used to describe multiple
Coulomb scattering. They are

1 1

¢;)rlr;,sne - V3 Eﬂie o= % 6o , (27.13)
1 1

yglrzla.sne - V3 2 eglrtla,sne = 7?; z o , (27.14)

rms 1

1
Splane = 4_\/3 $9§1';Sne = m z0p . (27.15)

All the quantitative estimates in this section apply only in the limit of small 0;’{; o
and in the absence of large-angle scatters. The random variables s, 9, y, and 6 in a
given plane are distributed in a correlated fashion (see Sec. 31.1 of this Review for the
definition of the correlation coefficient). Obviously, y ~ z¢. In addition, y and é have
the correlation coefficient pyg = v3/2 =~ 0.87. For Monte Carlo generation of a joint
(Y planes Oplane) distribution, or for other calculations, it may be most convenient to work
with independent Gaussian random variables (21, 22) with mean zero and variance one,

and then set
Yplane =21 fo(1 — p§9)1/2/\/§ + 22 Py 00/\/§

=212 00/V12+ 202600/2 ; (27.16)
Oplane =22 fo . (27.17)

Note that the second term for ¢ plane €quals & Opjane/2 and represents the displacement
that would have occurred had the deflection fpjane all occurred at the single point z/2.

For heavy ions the multiple Coulomb scattering has been measured and compared with
various theoretical distributions [38].

27.4. Photon and electron interactions in matter

27.4.1. Radiation length: High-energy electrons predominantly lose energy in matter
by bremsstrahlung, and high-energy photons by e*e™ pair production. The characteristic
amount of matter traversed for these related interactions is called the radiation length Xp,
usually measured in g cm™2. It is both (a) the mean distance over which a high-energy
electron loses all but 1/e of its energy by bremsstrahlung, and (b) % of the mean free
path for pair production by a high-energy photon [39]. It is also the appropriate scale
length for describing high-energy electromagnetic cascades. X¢ has been calculated and
tabulated by Y.S. Tsai [40]:

Xio = 4ar3% {22 [Lraa — £(2)] + ZL;ad} : (27.18)
For A =1 g mol™!, 4ar2N4/A = (716.408 g cm~2)~!. L.q and L! 4 are given in
Table 27.2. The function f(Z) is an infinite sum, but for elements up to uranium can be
represented to 4-place accuracy by

F(2) = a*[(1 +a®) ™1 +0.20206
—0.0369 a2 + 0.0083 a* — 0.0024°] , (27.19)

January 10, 2006 13:17



[o/A2D] wnuawo djo1Lied

L0 9°0 G0 70 €0 Q..
_ I I I i _ i i | I _ I I | L _\ LI L _ I 1 I I _@oo
uuuuuuuuuuuuuuuu 0@0 B
.......... 2
s -
0O TS, =
OO OXe) oy O\Q .
O o . Q% —<00
O @I.I““ oooo -
m.*l 5140°0
O A
‘pPow |ednjAjeuy O i i
o4 ,9 = M 900
od e v W ¥
:
104 [eljud) A n%l. —80°0
L plnie e gpr g G2
) DA el 1) AP

T Qu\da\s \i\xxg\&& J*S\s n\.*.w\»“?&

O

<

1

[w] ¢



sl
§* 007— O v Central Foil
- > -
b —
: A 2" Foll
0.061- g oi
c = 6" Foil
0.05— 7O ,
5 A O Analytical mod.
0.04 =
C i Fady
- *:X: N
0.03- O |
» _.4% | /)
0.02]- ,,_%% | *Q
E H."-.H_ R[S
0.01 s Y
roto”s
| e v ey nlls rag bas pod
0-09 3 0.4 0.5 0.6 0.7

Particle Momentum [GeV/c]

TZ?« 2 e Adun ot W/er et ler,  fur—

LV*M/):“W&%.TUW ’&VJ%
|2.}={.9+(2ik[ O/dw/:m\kw{ Ny fﬁ%@,%
(. pretlew M m/LLLrweéw" /C)“daa
,&(,LL)-W %4 Snmewe T 2




P




E VS, clem
. 3 +dE) ' partl Iomcntum =
g - s
£ - 35
s C
85,4000
i %
- ¢ E
3000} 8
[ 20
20001~ 15
[ 10
1000
_ B
i [ ' P 1 || '-.'I [T a A o
8o 0z 04 06 08 10
p,, [GeVic]
+dE) vs.
= 5000_] (E+dE) vs. p (Deuterons only) i
@ i
,E, - 3.5
£ - |
S.4000
Q - 3.0
< B
3000 =R
i 2.0
2000(~ 1.5
[ 1.0
1000
. 0.5
i L 1 1 I 1 1 1 I 1 1 1 I . 'l _l L 1 1
8o 02 04 06 08 1.0 040
Pas [GeV/c]

&
8

ADC [channels]
S
[=]
=]

L

:

:

l'lllllllllllll'lllllllll

ADC [channels]

1000

03/0‘1}'0—

‘»
L

e L a ol iy o

(E+dE) ve.p (Protons only)

.0

_I (mn.

0.2 0.4 0.6

08 1.0
Pon [GeVic]

|||||r|||n|;'_‘[-.|1

le momentum

L l 1 1 L

°

0.2 0.4 06

Tc‘)saru* C?/&o-/"l’ W PB_)/ /s W-D‘ €-L
5 PO bl T3 ad 1

1.0
Pon [GeVic]




[2*ns]

DL_t3

08[os| T
Sovcd nou m‘l‘t?nm / L)~ cot-
E+dE) vs. particle momentum
5000 — ( ) pa }'(’
Chaaed] Z
s
= (8
©
=
& -
[&] .
<4000
3000
2000
1000}
_150_II1! Illlillll Illlillllill]lillll 1111 o o_l || | | | i 1 Ilrril.‘lll.l | | L 11 o
01 02 03 04 05 06 07 08 09 0.0 0.2 04 06 0.8 1.0
Particle Momentum [GeV/c] Py [GeVic]
Dbl e Frs o




[2°ns]

DL_t3

coinctime [2*ns]

E’L e S T S

hEL_BBp_TimeDifferenceProtons

-100 '.:_ ...........
_1 -l_t_l_l_ _Ll.llijl..ll. A b I.lllilillill).l -
55.1 03 04 05 06 07 08 09
Particle Momentum [GeV/c]

g

g

coinctime va. momentum

N S LR UL L L

5000

| (E+dE) vs. particle momentum

4000

ADC [channals]

3000

2000

1000

I!IIIIIIllIITl’l_IITIrllliL

Hows e

b Porc

0.8 1.0
Pon [GeVic]

Brecfin cre
s




DL_t3 [2*ns]

colnctime [2*ns]

l_E—L cut  ew  Dew lerces ]

EL_BBp_TimeDifferenceDeuterons
w\\ _______

.................................................................................

'_._Ilrl]rlll

06 07 0Cs8

P

150

100

-100

Particle Momentum [GeV/c]

coinctime vs. momentum

Illlllllllll'll'llll

158

P [GeVic]

09

o au
1 lew Hﬁfw/u?/wf

ae—

:

2

I'II'ITl'IIlII'III!IllII

ADC [channels]

:

2000

1000

H PO I S (S T NN ST TR W N G

NI IR
0.8 0.8 1.0

P, [GeVic]

ﬂvLWV\- or
Ateen T

L,\, l\/.J

|#4ecyvEEn]

- 7 3 cwu&"t >€
Lo  E-L.-PD o&é’/\

Voo
W,




:T% — (ut o Dectrree f
i)
E 150 g
i $ 4000

2000

1000

b|1l||llll|lllf|ll|l1l?‘ll—§L

N L LR BRI RULRLILE I

- ) i AL L i ) b - 1_ . A i1 i 1 3 i 'l A 'S ' A i A L ' I i L A
02 03 04 05 06 07 08 09 8 0.2 0.4 0.6 0.8 1.0
Particle Momsntum [GeV/c] p,, [GeVic]

{E+dE) vs. particle momentum

5000

lewn  me Prekis
poe i o D
s c@ufq s, Bl-cef (o

\
MWM 1000
~ 3~/ L.

4000

ADC [channesls]

I|IIIIIIIIII|IIIIITEI|IIIL

|

PR S | PR £ aa—1 4 4 4
0.2 0.4 0.6 0.8 1.0
P, [GeVIc]



[2*ns]

DL_t3

1505

100

IIII'IIII}II

id i

Q[TTTT T T T

-15Q

il IIIIilIlI i i i I‘!lililiill‘il
620304 0506 67 68 0o

Particle Momentum [GeVic]

Porechar wrtl ﬂ&\%le’““’/

ADC [channels)

ADC [channels]

5000

4000

3000

2000

1000

Tl]l]llll]!lllll’llll!lll

| ~ (E+dE) vs. p.ﬂeln momentum

| TV ey e (] II-:; 4 ..l n

i ol o
X 0.2 0.4 0.6 0.8 1.0
Pea [GeVic]
o {E+dE) vs. particie momentum

4000

3000

2000

1000

Deuteron/Proton Ratio = 0.000672

bIIIEIIIIY]IIIIIIIIIIIIIIL

L 1 L L L i i 1 ' A l A L i
0.2 0.4 0.6 0.8 1.0
P, [GeVrc]







0809 [T

To- p A AU +* 2360
x1( BigBite Particle Mass
100— ~
80—
= Bad/Good Ratio = 0,064507
60—
- Deuteron/Proton Rfio = 0.058476
40— |
B Tl.bey‘{ :)_'lw%
= c,'b ,\97—; AL ?WA.J
- dy 2t p"ﬂ(&rz‘aq{.
20—
L H)ma lbw( @
W ®)
OhllljlllllIIIIIIIII[IlIIIIIl]IHI

1.0 -05 0.0 0.5 1.0 1.5 2.0
Particle Mass [GeV/c*2]

u:?frww,wm St fZJA Tyl b,

X momdiie  cndiro— g eneey et bt
2l e, Ly Sta T &‘&:wq’?&m






08/10/71—

o Wity ca
Q{/im cleaued aepo Dot sef (QW-I- »ﬁ/;@e,>
# 2%00 /MJA&Z? S |amwte ( 1)) /a¢¢_>

‘LL’“&— Cleet
nc,"“’r-}— / ’ /407/'“%“2’

W ity u&( (Mcéadwfe > PRoert /&
et C\'j N
Joole F audecee b cuca( _f;‘v /D-fl/cmr[v !mﬁ

n G(,ZODLMI

TLZ—'-«_\\A w@«rm A /a'/‘—r% a&)/ﬁydﬂdcx.lb/(%
Dl wige . 02l oot filog we ~ L3¢ aB

;A:A;f( N"L ML UA %/Z( s m[é(/ 0"7GC(P>
M e i Q* ﬂéi/ 4 JZT”’*‘ |
bl e T e af/r%m “ kg

T = (.44 | T
D l?%/./i :.10_»}@:2_%,«.@]-&: 3 3l

:ﬂ>$(1 - = 77‘3
r1 DT = 673 : ’I 71?7’4/0\ .,0. ( ﬂC-/
£ o O b

4 2153
?$l 4263“ (PS»Z-— =25
?>3 25 | Pso=
cs ’ o
2#=%(53 ?’$(=2‘3‘<f Po2 = 2T, ponkide e
Pes = (O Poo= i AZWM /

|Powu= 2, P56 =
|



08/03) T

FinalCuts_TgYComparison3.png (PNG Image, 127... http://descartes.ijs.si/~miham/e05102/MeetingNo058...
hTargetY |
) e o s S e LR R
05—

1of1

08/03/2011 04:56 PM



20000

10000

10"

102

103

T e e
Lo B e
e o b B 40)

-0.2




15000

10000

o e

s

P A{;{;"}m Pl in docit el '.a_ialtmwmm m-('j‘-t%b&m— .......

|
A A

hTargetY

[ xZTndf

oy )

2.533/ 385
1
0.9349 + 0.0400

<0.02125 + 1.24576

1.749+ 1.729

i | | Prob

: Constant
|=. | R B

! Sigma

; é
! |
- . NI S - -
i i ] 1 | i I 1 i i l 1



20000

10000

........

0.2



