18

Solutions

Chapter 1

1.1 100keV < m.c? = classical (non-relativistic) treatment acceptable

2Ekin

me

=1.9-10%m/s ,

Fyin = imev2 = v=

ranges=§at2 , v=at,

2
— =" 9110725 =2.1ps .
v

1.2 muc2 < 1TeV, therefore in this approximation m, ~ 0;
E
dE 1 b
R = = ———=-In(1+-F | ,
/ dE/dz /0 atbE b n( T >
2

R(1TeV) = 2.64-10° g/cm

= 881 m rock (orock = 3g/cm® assumed) .

1.3
o(E) VF-yn VF
E - vml

n is the number of produced electron—hole pairs,

n =

B
=

533
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W = 3.65¢eV is the average energy required for the production of
an electron—hole pair in silicon:

o(E) VF-W
VE

&) —8.5-10"% = 0.085% .

1.4
0 dEkin /Ekin Ekin dEkin
0

B= | QBajde ~ Jy a2 n(bB)

1 Eyin Frin dEyin 1 Eyin
~— / kin TR / E¥Y By
az? J, (bExin)/ avb z? Jo

4 /4 _ 175
= 7@% 22 Eki/n X Ekin )
experimentally, the exponent is found to vary depending on the
energy range and the type of particle. For low-energy protons with
energies between several MeV and 200 MeV it is found to be 1.8,
and for a particles with energies between 4 MeV and 7MeV, it is
around 1.5 [1, 2].

1.5 Longitudinal- and transverse-component momentum conservation
requires, see Fig. 18.1:

longitudinal component hv —hv'cos@, = pcosO,,
transverse component hv' sin O, = psin@,,
(¢ =1 assumed):

hv — hv' cos ©,

cot®, =
N hv'sin @,

Because of
w !
hv  14¢(1 —cosO,)
1+e(l—cosOy) —cosO, (1+4+¢)(1—cosO,)

cot O, = =
c sin 6, sin 6,

Fig. 18.1. Kinematics of Compton scattering.
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Because of
e
1—cos®, =2 sin? 7”
one gets
2 sin? &y
tO, = (1 2
cot Oc = (1+e¢) sin ©,,

With sin @, = 2 sin(6,/2) - cos(6,,/2) follows

sin(0,/2)

cotO, = (1+¢) cos(0/2)

:(1+5)tan% .

This relation shows that the scattering angle of the electron can
never exceed 90°.

1.6 ¢y +qc=q, +q. =

E Me E! E! o
(ﬁfj )( O] )Z < A ) ( ! ) » meE, = E B, —pi-pd .

Head-on collision gives maximum energy transfer = cos©@ = 1:
m.E, = ELE/E — w/Ef — mi\/E’f —m?2
\/ my\° me >
=FE FE - E F, 1—(“) 1—( e)
" " E, E’
2
1 /m 1
o i
—EMEe{l— 1_2<E/> + e B
"
1 /my, 2 n 1 /m, 2 n
2 \E|, 2\ B

/ /

E
2meE, & rmy, + o me = 2me BB E), = E¢my + Efm?
I e

m;E? < m,E? = 2m.E,E.E, ~ E’m’, |

/ /
=E,E,
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energy conservation: £ + E, = E,, +m.,m. < E,;

2meEy(E, — E,) =m.E, =2m.E, — 2m.E,FE,
2 2 2
,_ meER  Ep E?

¢ mi—l—QmeE’# E,,,—I—% E,+11GeV ’

therefore E/, = 90.1 GeV .
1.7 Argon: Z =18, A =40, o= 1.782- 1073 g/cm?,

dE dE
—4
G(E)dE = 1235107 GeV 255 = 0 5

For a 10 GeV muon (3 ~ 1,

E E
max wax 1 1
P(> E :/ ¢EdE:a/ :a<— >
( 0) EO ( ) E‘O E2 EO Emax

2

Y L
E, +11GeV

Ernax = = 4.76GeV |

1 1
E))=1.235-107% — — —— ) =1.235-10"° ~ 0.0012% .
P(> Ey) 35-10 (10 4760> 35-10 0 %

1.8 The sea-level muon spectrum can be approximated by

N(E)dE x E*dE , where a~2 ,

dF
o= constant (= a) = E =a-h (h — depth),
x
I(h) = const h™¢ |
AT ah™ " tAR Ah 1
‘ i ’ —a “h o0 ~ 2%
Chapter 2
2.1

p(Al) = 2.7g/cm® — pu = (0.189 4 0.027) cm ™t |
I(z) = lyexp(—p-z) = x=1/pu-In(l/I) .
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Statistical error of the count rates:
VIg/Io=1/VIo~42% , VI/I=1/VI~50% .

The fractional error of Ip/I is

V(4.2%)2 + (5.0%)2 ~ 6.5% .

Hence Iy/1 = 1.44014 5%.
Since x o In(Iy/I) = Inr — dz o dr/r, so that the absolute
error in Inr is equal to the fractional error in Iy/1.
Therefore, In(ly/1) = In1.4440.065 ~ 0.365+0.065 ~ 0.37L15%.
The fractional error in g was 14.3%, so the fractional error in

x is
V(18%)2 4 (14.3%)2 ~ 23% .
Therefore
x=1/p-In(lo/I) = 1.93 cmozy = (1.93 £ 0.45) cm .
2.2
'u/n . ef.u'
P(n,,u):T, n:O,1,2,3,... —
105 . ~—10
P(5,10) = 57? ~ 0.0378
12 a1 1 0,,—10
PR =1 ~o18a, PO,10)= 2 ~a5.1077 .

0!

2.3 The true dead-time-corrected rate at d; = 10 cm is

Ry
Rl =——.
! 1—TR1

Because of the inverse square law (o< 1/r?) the true rate at dy =

30 cm is
¥ d1 2 *
2 <d2> L

and because of RS = Ro/(1 — 7 R3) one gets

i\’ R R
d2 1—7’R1_1—7'R2'
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Solving for 7 yields

2
2) Ry - Ry

[(3)2 - 1} Ry Ry

T =

=10us .

Chapter 3
3.1
d absorbed energy  activity - energy per Bq - time
ose = =
mass unit mass
10°Bq-1.5-10%eV - 1.602 - 10719 J /eV - 86 400 s
N 10kg

= 2.08J/kg = 2.08 Gy .

Here, also a common unit for the energy, like eV (electron volt), in
addition to Joule, is used: 1eV = 1.602 - 10719 J.

3.2 The decrease of the activity in the researcher’s body has two
components. The total decay rate Aeg is

AeiEf = Aphys + )\bio .

In 2

Because of A = % =7, one gets
Tonys Thi
Tf;fz _ _tphysthio =g 44 .

Tphys + Tbio

Using D = Dy e ** and D/Dy = 0.1 one has'

. Teff .
p— i (Po) 22 (Do) Zog384
A D In2 D

T The notation Do describes the dose rate at ¢t = 0. Do does not represent the time derivative
of the constant dose Do (which would be zero, of course).
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A mathematically more demanding calculation allows to work out
the dose that the researcher has received in this time span:

263.8d . . 1
Dtotal = / DO e_/\t dt = DO (-)\) e_>\t
0

263.8d

A
With
1 In2
A=— =2 —87.10%d"
T T1/2

one obtains (1 uSv/h = 24uSv/d)

24 uSv/d
Dioal = “AV/(1 ~0.1) = 2.47mSv .

The 50-year dose equivalent commitment D5y = OsoaD(t) dt is
worked out to be

50 a : :

. D D
D5 = Dye Mdt = TO (1 — e7>"50a) ~ 70 = 2.75mSv .
0

3.3 The recorded charge AQ is related to the voltage drop AU by the
capacitor equation

AQ=CAU=7-100"2F.30V=210-10"12C .
The mass of the air in the ionisation chamber is
m=o,V =3225-10"3g .
This leads to an ion dose of

A
I = WQ =6.5-108C/g=6.5-10"°C/kg .

Because of 1R = 2.58 - 1074 C/kg, this corresponds to a dose of
0.25 Rontgen or, respectively, because of 1 R = 8.8 mGy,

D =22mGy .
3.4 The total activity is worked out to be

Atotal =100 BCl/Hl3 - 4000 Hl3 =4. 105 Bq .
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This leads to the original activity concentration in the containment
area of
4-10°Bq
Ag = ———— =800Bq/m* .
7 7500 m? A/
3.5 For the activity one has

1 In 2
A=AN=-N= 22N,
T T1/2

corresponding to

AT:
N = /2 _ 1.9-10'2 cobalt nuclei
In2

and m = N mg, = 0.2ng. Such a small amount of cobalt can
hardly be detected with chemical techniques.

3.6 The radiation power is worked out to be
S =10"Bq-10MeV = 10**eV /s = 160 k] /s ;
the temperature increase is calculated to be

energy deposit  160kJ/s-86400s/d-1d

AT = =
mc 120000 kg - 0.452kJ/ (kg K)

=255K .

This temperature rise of 255 °C eventually leads to a temperature
of 275°C.

3.7 X rays are attenuated according to

I
I=Ije*" = err =20

This leads to

x = ! In <IO) =30.7g/cm? |

and accordingly
of = =1ldem .
QA1

3.8 With modern X-ray tubes the patient gets an effective whole-body
dose on the order of 0.1 mSv. For a holiday spent at an altitude of
3000 m at average geographic latitudes the dose rate by cosmic rays
amounts to about 0.1 uSv/h corresponding to 67uSv in a period
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of 4 weeks [3]. If, in addition, the radiation load due to terrestrial
radiation is also taken into account (about 40 uSv in 4 weeks), one
arrives at a total dose which is very similar to the radiation dose
received by an X ray of the chest. It has to be mentioned, however,
that older X-ray tubes can lead to higher doses, and that the period
over which the dose is applied is much shorter for an X ray, so that
the dose rate in this case is much higher compared to the exposure
at mountain altitudes.

3.9 The effective half-life for *”Cs in the human body is

Tphys bio
T, = 2 U2 09,94 .
T1P/2y —|—Tb10
The remaining amount of 37Cs after three years can be worked
out by two different methods:
. 3-365 _
a) ‘;he period of three years corresponds to {555 = 9.9636 half-
ives:

activity(3a) = 4 -10° - 2799636 — 4006 Bq ;

b) on the other hand, one can consider the evolution of the
activity,

activity(3a) = 4 - 10% - e 3212/T7)> — 4006 Bq .
3.10 The specific dose constants for 3 and v radiation of ®°Co are
I3=2.62-10""Sym?/Bqh , I, =341-10""Svm?/Bqh .

For the radiation exposure of the hands the § dose dominates.
Assuming an average distance of 10cm and an actual handling
time of the source with the hands of 60s, this would lead to a
partial-body dose of

3.7-1010 1

A
Hg=1Tp— At=262-10"""" 5g SV =16.15v .

r2 0.12

The whole-body dose, on the other hand, is related to the v radi-
ation of %°Co. For an average distance of 0.5m and an exposure
time of 5 minutes the whole-body dose is worked out to be

A
H.Y:nyﬁAt:42mSV.
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Actually, a similar accident has happened to an experienced team
of technicians in Saintes, France, in 1981. The technicians should
have under no circumstances handled the strong source with their
hands! Because of the large radiation exposure to the hands and the
corresponding substantial radiation hazard, the hands of two tech-
nicians had to be amputated. For a third technician the amputation
of three fingers was unavoidable.

3.11 After the first decontamination the remaining activity is N(1 —
e), where N is the original surface contamination. After the third
procedure one has N (1 — ¢)3. Therefore, one gets

~ 512Bq/cm?

N = = 64000B 2
E q/cm

The third decontamination reduced the surface contamination by
N(1—¢)?e =2048 Bq/cm? .

The number of decontaminations to reduce the level to 1Bq/cm?
can be worked out along very similar lines (N, = N/(Bq/cm?)):

1
N(1 —¢)" =1Bq/em? — (1_5)71:]7 N

n

1 —In N,
nln(1—€)—1n<m>——ln]\fn — TL—@—GQ,

l.e. &~ seven times.

Chapter 4

4.1

s = Edys = (01 + ¢2)°
= (By + E2)? — (1 + pa)’
= Ef —pi + E5 —p3 + 2B\ Ey — 2P - i
=2m? 4 2E,Es(1 — 3182 cos O)
because p = ymof = Ef (¢ =1 assumed) .

In cosmic rays $1 =~ 1 and (o = 0, since the target is at rest
(Ey = m); also 2Eym > 2m?:

s~2mkFEy .
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Under these conditions, one gets

s (14000 GeV)?

Fay=FE =—="""7_-1045-10GeV ~ 107 eV .
b = B = = g gossGey O 107 Ge ¢
’02
4.2 Centrifugal force F' = &= = evBagy:
m v
Bgt=— — . 18.1
6= o (18.1)
d L eR dB R
(4.13) = a(mv):dm:%E = mv:%B. (18.2)

Compare Eqgs. (18.1) and (18.2):

1
BSt:§Ba

which is called the Wideroe condition.

4.3

m(Fe) = 0-300cm-0.3cm- 1mm =684g ,

AE 2-10%.7-102GeV - 1.6-10719J/GeV -3 - 1073
m(Fe) - ¢ 0.56J/(g-K) -68.4g
= 1754K

AT =

= the section hit by the proton beam will melt.
4.4 Effective bending radius

2 .
- M = 2866m |,
27
2
%:evBip:eBp ,
P
pc = eBpc
Y pe [GeV] =3-10° B[T] - p[m]
pc [GeV] =0.3 B[T]: p[m] ,
pc™**(LEP) = 116 GeV
pc™**(LHC) = 8.598 TeV .

4.5 Magnetic potential V = —g-x -y
with g — quadrupole field strength or gradient of the quadrupole;

B=—gradV = (gy, gz) ;
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the surface of the magnet must be an equipotential surface =

V=—g-x-y=const = z-y=const = hyperbolas .

Chapter 5

5.1

Rmeasured
Rirue = =2kHz . 18.3
’ 1 — 70 - Rieasured ( )

5.2 For vertical incidence

_dE

AE = —.
dx

d, (18.4)

for inclined incidence AE(O) = AE/ cos 6
measured energy for vertical incidence: F; = Fy — AF,
measured energy for inclined incidence: Ey = Ey — AE/ cos O,

El_EQZAE< ! —1);

cos ©

plot Ey — E5 versus (@ — 1) = gives a straight line with a
slope AE. With the known dE/dx (from tables) for semiconductors
Eq. (18.4) can be solved for d.

5.3
(7)) e (5)
q ﬁ 7q ﬁ/ )qw ﬁ’y

are the four-momentum vectors of the incident particle, the particle
after Cherenkov emission, and the emitted Cherenkov photon;

d=q-qy,
2
E—hv
E/Q_ /2: _ 2:< . . )
P =(1—ay) F—7,
= E? —2hE + h*? — (p* +p2 — 25 )
Since E? = m? + p? andﬁvzhlg:

0=—m?+m?+p? — 20wE + h?v? — p? + 2phk cos © — K*k?
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2phk cos © = 2hvE — h?v? + h%k?,

orvE  hk  2mwhy?

6= — — :
o8 pk + 2p 2ok
because of £ = v -\ = 27¥ one has (c = 1)
E
cos® = — bk _hk
np 2p  2pn?
. 1
with £ = ymg,vy = 17,6’2’ and p = ymy one gets

1 hk 1
COS@—@‘F% <1_7’]12>

Normally hk/2p < 1, so that the usually used expression for the
Cherenkov angle is quite justified.

5.4 Let us assume that the light flash with the total amount of light, I,
occurs at the centre of the sphere. In a first step the light intensity
qly, where ¢ = S,/ Siot arrives at the photomultiplier. The majority
of the light ((1 — ¢q)Ip) misses the PM tube and hits the reflecting
surface. Then, let us select a small pad S; anywhere on the sphere,
at a distance r from the photomultiplier and calculate how much
light reflected by this pad reaches the photomultiplier after just
one reflection (see Fig. 5.46). Denoting the total amount of light
reflected from S; as AJy we find

0 AJ, Sy, cos x

AJ, 0
AITM = —2 A = — — = =A )
! T oX T ooX (2R cos x)? Jod

Since AITM has no angular dependence, this value can be simply
integrated over the sphere which gives the total amount of light
collected by the photomultiplier after the first reflection:

ITM = Toq + Io(1 — q)(1 — p)q -

The iteration of this argument leads to an expression for the total
amount of light collected by the photomultiplier after an infinite
number of reflections:

L =Iog + In(1 — ¢)(1 — p)g + Io(1 — ¢)*(1 — p)?q + - -

1
—0-w-q [185)

= Ioq
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Then the light collection efficiency, n = IFM /Iy, is

I B
pta—pg  ptg

n (18.6)

Similar considerations for non-focussing Cherenkov counters were
presented already a long time ago by M. Mando [4].

Chapter 6

6.1 If a small-diameter tube is submerged in a liquid, the liquid level
will rise in the tube because the saturation vapour pressure of the
concave liquid surface in the tube is smaller than the correspond-
ing pressure over the planar liquid surface (capillary forces). An
equilibrium condition is obtained for an elevation A of

2nro = mor’hyg (18.7)
where
r — radius of the capillary vessel,
o — surface tension,
o — density of the liquid,
g — acceleration due to gravity.

For convex droplets the barometric scale formula

B o Mgh
Pr = P €XP RT

with
M — molar mass,
R — gas constant,
T — temperature

can be combined with (18.7) to give

M 20
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With numbers:

M  =18g/mol for water (46 g/mol for CoH;0H),

o =72.8dyn/cm for water (22.3dyn/cm for CoH;OH),
0 =1g/cm? (0.79g/cm? for CoH5OH),
R =831J/molK,

T =20°C,

Pr/Poo =1.001,

—7r =1.08-10"%m (1.07-10~%m),

i.e., droplets of diameter ~ 2 um will form.
If the droplets are electrically charged, the mutual repulsive
action will somewhat reduce the surface tension.

6.2 Increase of electron number
dne = (o — f)nedz
« = first Townsend coefficient,
([ = attachment coefficient,
Ne = ng el@ P ,
dnjon = fn.dz

dnion = ﬁnO e(a—ﬁ)x dz ’
d
Nion = ﬁnO/ ele=Pz qg
0

_ noB [emf@d_l} 7

a—f
Ne + Nion _ no e(a_ﬁ)d + %_% [e(a_ﬁ)d — 1]
o no
1
e |
1
— (a=p)d _
oa—pf (oce ﬁ)
1
=13 (20e'® —2) =7.3-107 .
6.3
13.6MeV [z
02) = ———— | = [1+0.0381n(z/X,
(62) Bep \/;0[ + n(z/Xo)| ,

Bep = 12.86 MeV .
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For electrons of this energy f ~ 1 = p = 12.86 MeV/c. More
precisely, one has to solve the equation

BeymofBe =12.86 MeV
52 12.86MeV
V1-p32  mpce?
FP=V1-pa = p'=d®-a’p,
Fra?fi—a’=0,

2 4
522—%—1-\/%—1—@2:0.99842,

N =25.16
p=12.87MeV/c .

=2516=0a ,

Chapter 7
7.1
T + T
At = 1;’ STy (18.8)
resolution on At:
2 2 3
o?(At) = (2) + (%) +o03 = 3 o? (18.9)
for one wire one has
2
oy = \/;U(At):5ns — op=v-0;=250um . (18.10)

Correspondingly, the spatial resolution on the vertex is (Fig. 18.2)

. (6% O’x _ 0‘% .
sin o = —= — 0z = sno 500 pm . (18.11)

(o 2

7.2 What matters is the transverse packing fraction. A simple geomet-
rical argument (Fig. 18.3) leads to the maximum area that can be
covered.
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Ox

al2

Ox

Fig. 18.2. Ilustration of the vertex resolution o, as derived from the track
resolution o.

;
K/ N \J

NN N

Fig. 18.3. Determination of the maximum packing fraction for a scintillating
fibre tracker.

<r

From
r?+ 2% = (2r)? (18.12)
one gets = /3 - r and finds the fraction
2
2
W\//g = 7/(2v/3) = 90.7% , (18.13)
r-/3r
Agibre = m-0.5%2cm? = 0.785 mm®> — N = A’Z/(z\/‘a’) = 46211 .
fibre
(18.14)
7.3
mu?
—— =evB , (18.15)
p
mv  9.1-1073'kg-0.1-10%°m/s 5
= = <10~ 18.1
P~ eB 1610 As. B~ m. (1816
— B >0.057T =570 Gauss . (18.17)

https://doi.org/10.1017/9781009401531.022 Published online by Cambridge University Press


https://doi.org/10.1017/9781009401531.022

550

7.4

7.5

18 Solutions

R=C-U. (18.18)
The liberated charge is

B 60keV
- 26eV

“qe =3.70-1071 As | (18.19)

and the required gain is obtained to be

C-U 180-10712.1072
G = = = 4865 . 18.20
q 3.70 - 1016 ( )

For the energy resolution one gets

o _YN-F_VE W 581078 (18.21)

ENf\F

ie. (60 £0.5)keV.

The horizontal force (tension) F}, does not change along the wire,
whereas the vertical one F), is position-dependent, more precisely,
the vertical force at the left boundary is diminished by the weight
of the wire to the left of position z:

x

F.(x) :FV—/ o9V 1+ y?(x)dx , dm = pds

'=g,

ds = /dz? +dy? = /14 y2(2) dz

From the above assumptions the slope y/(z) reads

F,
y'(2)=— F(x)=—+/ V1+y?(a)da’
h '=x

with L(z) = f;,:xl V14 y?(2’)dz’ being the length of the wire
measured from the left boundary. Differentiating this equation
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leads to a differential equation for ¥’ that can be directly integrated
by separation of variables,

y"'(2) = 21+ y2(2) G =%
Iy V14 y2(@) P

Its solution is

arsinhy'(z) = Yerve, y'(z) = sinh (anc + c) ,
Fy By

and a subsequent integration straightforwardly leads to the curve

F, 09 )
xr)=—cosh|=x+4+c)+yo ,
y(z) 09 (Fh Yo

where the integration constant ¢ and the horizontal force Fj, are to
be determined from the geometry and the total length L of the wire.
This solution for the form of the wire shows that it is a catenary
rather than a parabola. In a symmetric environment and/or for
an appropriate choice of the coordinate system the constants can

be chosen to be ¢ = 0 and yo = —%. This also guarantees y(x =
0) = 0. For the further calculation we set the horizontal tension to
T .= Fh.

The sag of the wire will be small compared to its length.
Therefore, the cosh can be expanded into a series

0gx 1 70gx\?2
() - ()
Ccos T +2 T +

giving

T T 1 /0gx\2
y(w) = sag = 09 " og [1+2<T> i } ’
b (Y) -t (l) -
2 2 2T \2 8T
dm N
Q:E:mﬁ

mass per unit length, with o* = density of the wire material,

N 1 5 9

For a tension of 50 g, corresponding to T'= my - g = 0.49 kg m /s,
¢ = 1m, o*(tungsten) = 19.3g/cm? = 19.3 - 103kg/m?, and r; =
15 um one gets a sag of 34 um.
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Chapter 8

8.1 If 1 and &5 are the energies of the two photons and 1 the opening

angle between them, the two-gamma invariant mass squared is:
2 _ 2 S o2 .2
my, = (€1 +¢€2)” — (p1 +p32)” = dereg sin”(1/2) .

Using the common error-propagation formula one gets for the

relative m? uncertainty:
d(m?) 3(en)]”, [8e2)] ¥
= + + cot® 5 07,
m?2 €1 £9 2

where 0(g;) and dy, are the energy and angular resolution, respec-
tively. The angular distribution is peaked near ¥y (Sin(¢min/2) =
my/Ep), so that one can take as an estimation a value of min =
31.8°. Since

6(m?)  mi-m3  (my+ma)(mg—ma) 2@
m2  om2 Tm

or, just by differentiating,

§(m?) d(m) om
s =2 5 =2—,
m m m
one gets
om 1
P . 2 2 o 2~0. .
- > \/2 (0.05)2 + cot*(15.9°)(0.05) 9.5%

One can see that in this case the angular accuracy dominates the
mass resolution.

8.2 The photon interaction length in matter is A = (9/7) Xo. Then the

probability that the photon passes the aluminium layer without
interaction is

Wn = exp (—i) = exp <_178) =0.68 .

In this case the calorimeter response function remains unchanged,
namely, it is close to a Gaussian distribution g(FE, Ey), where E is
the measured energy and FEj is the incident photon energy.
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If the photon produces an eTe™ pair in the aluminium, at a
distance = from the calorimeter, the electron and positron lose
part of their energy:

AFE = 28MIPJJ N

where eprp = (dE/dx)vpp is the specific ionisation loss. For Al one
has enip = 1.62MeV/(g/cm?) and X = 24 g/cm? resulting in AE
to vary from 0 MeV to 39 MeV. As one can see, e.g. for 100 MeV, the
measured energy spectrum will consist of a narrow peak (g(E, Ep))
comprising 68% of the events, and a wide spectrum ranging from
0.6 Ey to the full energy Fy containing the other 32%. For a 1 GeV
photon the events with pair production cannot be resolved from
the main peak and just result in increasing the width of it.

To estimate the resulting rms one can use a simplified form of
the probability density function (PDF):

o(E) =pfi(E) + (1 —p)g(E, Eo) ,

where p is the photon conversion probability in Al and fi(F) is
just an uniform distribution between F;, = Fg — AFnax and Ej.
The modified rms can be calculated as

ot =poi + (1 —p)og + p(1 — p)(Er — Eo)*

where o1, E1, 00, Ep are the rms and average values for f;(F) and
g(E, Ey), respectively. For fi(E) one has E™® = Ey — 2e\pL =
Eo—39MeV and 01 = 2-eypL/V12 = epp L/V/3 = 11 MeV (see
Chap. 2, Eq. (2.6)). One has to consider that the energy loss AE
varies uniformly between 0 MeV and 39 MeV with an average value
of £1 = 19.5MeV, and this value has to be used in the formula for
Ores- With these numbers one gets o, &~ 11 MeV for the 100 MeV
photon and o &= 17 MeV for the 1 GeV photon.

8.3 When the pion interacts at depth ¢, the energy deposited in the cal-
orimeter is a sum of the pion ionisation losses before the interaction
(Eion) and the shower energy (Eyy,) created by the 70,

dFE
EC = Eion + Esh 5 Eion = ﬁtXO = Ecrt )

L—t
dE
Esh = (E - Eion)/ <> dt ’
0 0 dt
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where E., is the critical energy. Formula (8.7) describes the elec-
tromagnetic shower development. For this estimation one can
take

dE

5 = BF®
where E., is the energy of both photons from the 7° decay and ¢ is
the thickness measured in radiation lengths Xj. Let us assume that
the resolution of the calorimeter is og/E = 2% and the condition
of the correct particle identification as a pion is

AE(tC) = (Ee — Ec) > 30 ,

where F. is the energy deposition for an electron in the calorimeter.

For an electron—positron shower of 200-500MeV in the Nal
absorber, the parameter a in Formula (8.7) can be roughly
estimated as a &~ 2. Then Formula (8.7) simplifies,

1dE_ 1/t
E,dt 4

2>2 exp(—t/2) ,

and can be easily integrated for any ¢. To find ¢. one has to tabulate
the function AE(t.) numerically. The calculated dependencies of
FEion, Esn and E¢ on t are shown in Fig. 18.4. Since o = 2% - F =
10 MeV for a 500 MeV shower, and E, — Ec > 30 is required,
one has to ask for Ec < 470 MeV. Reading this limit from the

1.2 600
i,
0.8 %m""%.,h& 400

%
£
(&)
& 0.6 300
) Es}\\“k,\m
W94 200
E )2
0. =0 100

E[MeV]

Fig. 18.4. The calculated dependencies of Ei.,, Es, and Ec¢ (lower line with
triangle symbols) on ¢. The upper line with diamond symbols shows the ratio of
the energy deposition in the calorimeter to its maximum value (without leakage).
Even when the charge exchange occurs in the very beginning of the calorimeter,
some part of the energy leaks through the rear side.
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figure leads to t. ~ 4 which corresponds to a thickness of 38 g/cm?.
Working out the interaction probability W from the interaction
length A\t = 151g/cm? and with the knowledge of the charge-
exchange probability of 0.5, one obtains the pion misidentification
probability P to be

Py =05W(t <te) =051 —exp(—te/Aime)] &~ 0.12 .

The probability of misidentification of the electron as pion is much
lower.

Chapter 9

9.1 Convert momenta to total energy:

3.0032GeV for 3GeV/c
E =c\/p?+m3c? = 4.0024GeV for 4GeV/c
5.0019GeV  for 5GeV /e

mo = 139.57 MeV />

21.518 for 3GeV/c

E
v = 5 =4 28.677 for 4GeV/c
Moc 35.838 for 5GeV/c
1 0.9989195 for 3GeV/c
B=4/1-—5 =4 09993918 for 4GeV/c
v 0.9996106 for 5GeV/c
1 1
cosf, = % = 0, = arccos <nﬂ> ;
3GeV/c 4GeV/c 5GeV/c
Lucite 47.8° 47.8° 47.8°
silica aerogel =~ 12.40°-21.37°  12.52°-21.44°  12.58°-21.47°
Pyrex 47.08° 47.10° 47.11°
lead glass 58.57° 58.59° 58.60°
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9.2

my = 493.677MeV/c® | Nyater = 1.33

Ex = cy/p? + m%c? = 2.2547GeV ;

8= _7_09757 = ¢ =39.59°
dN he 1\ dx
— — =2maz’h 1—— | = ;
dL dL T Wk C/A1< 52n2) P

assume n # f(A), then

dE ) 1 \1/1 1
<1L_2m'2h6<1_62n2>2<A%_A%>

1 1 1
= 2hel1—- — ) (= - =) -
waz he 5o Non)

h =2nh=41.36-10"?*MeVs ,
c=3-10"nm/s , n =133 for water ,
A1 =400nm, Ay = 700 nm
dE

9.3
E, =cVp*+m? -2 =5.087GeV .

If water is considered as Cherenkov medium, one has

B = ———09805 = f0c =40.1° in water ,

= 203.2 photons per cm

n = 12 photoelectrons = N - & - )pM * 1Geom * N Transfer

T = n = 1.48cm .
N - TIPM * T)JGeom * T/Transfer

A counter of =~ 1.5cm thickness is required for the assumed
collection /conversion efficiencies.
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9.4

NLucite = 1.49 ,

threshold energy for electrons

1
> — = 0. = Y= = . = = e R
16} - 0.67 1.35 E =689 keV

1
V1-—p2
d*N L 2211

dzdT 2 F ApET?’

T — kinetic energy of the J rays,

K = 47Nx [mol /g r2m.c? = 0.307 MeV /(g/cm?) |

dN 1 MeV 6 1 1
ar ~ 2 "V e 2 E T
MeV 1 o MeV 1
=017l ——— - —= N=x- A7 —— - - dT’
0.17 o/om? T2$ — T /T 0.17 ofom?  T7 ,
MeV 1
N=0171 —— - z=
0.17 o /om? T

Tthreshold = 689keV — 511keV = 178keV.
This gives N = 9.6 § rays above threshold. These electrons are dis-
tributed according to a 1/7? spectrum. The maximum transferable
energy to electrons by 3 GeV /c protons is

E2
prmex _ BT g3 sen ey
kT 4 m2/2m, ¢

However, the 1/T? dependence of the § rays is strongly modified
close to the kinematic limit (the spectrum gets steeper). The 9.6
§ rays should be taken from a 1/7? spectrum by a suitable Monte
Carlo. Here we argue that the chance to find a § ray with more
than 1 MeV is only
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Therefore, we average the energies over the range 178keV to
1 MeV,

1 MeV 1

(T> _ 178kevT ‘Tz dr
- 1MeV 1 dT

178 keV T2

= 372keV |

1
Bsr2kev =4 /1— — =0815, =173,
Y

1
cos®@=—=0.82 = O =34.6",
nB
Nehotons = 9.6 - 490 - sin? @ - 0.08 = 121 photons ,

where £ = 0.08cm is the range of the 0 rays of 372keV (see
Chap. 1).

n= NPhotons *TIPM * T|Geom ° TTransfer = 0.97

if all efficiencies are assumed to be 20%.
= e=1—e"=62%

is the efficiency for ¢ rays.

9.5 Imaging Air Cherenkov telescopes measure y-ray cascades initiated

in the atmosphere. Because of the large cross section of photons
these cascades are initiated at large altitudes, where the refractive
index is smaller than the value given at STP. Does the observed
angle of 1° allow to determine the typical altitude where these
showers develop?

Density variation in the atmosphere

0=o00-e "M,

where hg = 7.9km for an isothermal atmosphere.

The index of refraction n varies with the permittivity ¢ like n =
V€. Since € — 1 x g, one has

h 2(h) —1
n=c—1+lxo+1l — Q():n(2) .
00 ng—1

Because of © = 1° — n(h) = 1.000 152, if 5§ =1 is assumed.

2
_1
o D _ 194 = h=hyn0

- =~ 52 .
o(h) 2(py 1~ P
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9.6 Since

d—E—amz2 In bEkin
dz B Ekin

a measurement of

a : Ekin
identifies m - 27, since the logarithmic term is usually compara-
ble for non-relativistic particles, and the Lorentz factor is always
close to unity. Therefore a measurement of (dF/dx)Ey;, provides
a technique for particle identification.
Let us first assume that muons and pions of 10 MeV kinetic
energy can be treated non-relativistically, and that we can approx-
imate the Bethe-Bloch formula in the following way:

dE 07 1 <2m662ﬂ2’y2>
i P el

2

PR ¥ i

with K = 0.307MeV/(g/cm?) and 32 = (2 Eyy)/(m - ¢?) in the
classical approximation. (The correction terms characterising the
saturation effect (Fermi plateau) should be rather small in this
kinematic domain.)

For singly charged particles one has

dE —KZ me? | <2mec2 2Exin 2)

dr A2B., . I mc?
MeV mc? FEy
=0.07675 ——— —— .1n| 14 L2
0.076 75 o/om? B n( 600 mc2'y >

leading to 6.027 MeV /(g/cm?) for muons and 7.593 MeV /(g/cm?)
for pions. Since Az = 300 um -2.33g/cm? = 6.99 1072 g/cm?, one
gets AE(muons) = 0.421 MeV and AFE/(pions) = 0.531 MeV.

For muons one would obtain AFE - Eyin = 4.21 MeV? and for
pions, correspondingly, AF - Ey, = 5.31 MeV2.

Neither of these results agrees with the measurement. Redoing
the calculation and dropping the assumption that muons and pions
can be treated in a non-relativistic fashion, one gets for a consid-
eration of the non-approximated Bethe-Bloch formula and a full
relativistic treatment for muons, AE - By, = 4.6 MeV2, and for
pions, correspondingly, AE- Eyin, = 5.7 MeV2. The difference to the
earlier result mainly comes from the correct relativistic treatment.
Therefore the above measurement identified a pion.
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10.1

10.2

18 Solutions

For the separation of the beryllium isotopes it is justified to use
the non-relativistic approach

M 2 Fin
AE = 0.07675 2V 2 4 (14600 ZEn2)  Ap
g/cm? " Eyn mc2

This leads to AE - Fiyi, = 3056 MeV? for "Be and AFE - Fy, =
3744 MeV? for 9Be.

The full non-approximated consideration gives results which
differ only by about 1%.

Therefore the measured isotope is “Be, and ®Be did not show up
because it is highly unstable and disintegrates immediately into
two « particles.

Chapter 10

The neutrino flux ¢, is given by the number of fusion processes
4p — “He + 2et + 2v, times 2 neutrinos per reaction chain:

solar constant

energy gain per reaction chain '
1400 W /m*

~ 2~6.7-10"%cm s .
26.1MeV - 1.6 - 10-13 J/MeV an s

(G, + %*)2 = (Ma +mVe)2 y Q=T
assuming m,, to be small (< m.,m,, m,) one gets

2 2
a — Mg

2m,
a=p:E, =1092GeV , a=71:E, =3.09TeV ;

m

2E, m.+m2=m2 = FE, = =

since solar neutrinos cannot convert into such high-energy neutri-
nos, the proposed reactions cannot be induced.

10.3 The interaction rate is

R =onNalmol Y /gdA¢, ,

where oy is the cross section per nucleon, Ny = 6.022 x 1023 mol !

is the Avogadro constant, d the area density of the target, A the

target area and ¢, the solar neutrino flux. With d ~ 15gcm™2,
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A =180 x 30cm?, ¢, ~ 7-10°cm 257!, and oy = 107° cm?
one gets R = 3.41-107%s7! = 107a~!. A typical energy of solar
neutrinos is 100keV, i.e., 50keV are transferred to the electron.
Consequently, the total annual energy transfer to the electrons is

AE =107 -50keV = 5.35 MeV = 0.86 - 10712 J .

With the numbers used so far the mass of the human is 81kg.
Therefore, the equivalent annual dose comes out to be

AE
H,=—"—"wp=106-10"18Sv ,
m

actually independent of the assumed human mass. The contribu-
tion of solar neutrinos to the normal natural dose rate is negligible,
since
H
H=—"=53-10"".
Hy
10.4 Four-momentum conservation yields

@ = (qu+q,)* =m7 . (18.22)
In the rest frame of the pion the muon and neutrino are emitted
in opposite directions, p,, = —pj,,,
E,+E,)\"
(J‘ . ”) = (E,+E,)?=m2 . (18.23)
Dy + by,
Neglecting a possible non-zero neutrino mass for this consideration,
one has
Ez/ = Pv,
with the result
E,+p,=mg .

Rearranging this equation and squaring it gives

EZ + mfr — QEMm7T = pi ,
2E,m, = m2 + mi )

2 2
mﬂ—f—m#

B, = (18.24)

2m,

For m,, = 105.658 369 MeV and m,+ = 139.570 18 MeV one gets
E};m = FE, —m, = 4.09 MeV. For the two-body decay of the kaon,

https://doi.org/10.1017/9781009401531.022 Published online by Cambridge University Press


https://doi.org/10.1017/9781009401531.022

562 18 Solutions

Kt — pt 4+ v, (18.24) gives E}jin = E, —m, = 152.49 MeV
(mp+ = 493.677MeV).
The neutrino energies are then just given by

E, =m;— E, =29.82MeV
for pion decay and
E, =mg — E, = 235.53 MeV

for kaon decay.

10.5 The expected difference of arrival times At of two neutrinos with
velocities v1 and vo emitted at the same time from the supernova is

_r_r_rf(l 1N_rBh-Hh
Ab= (51 ﬁ2> c bGP

= - 18.25
V1 (%) C ( )

If the recorded electron neutrinos had a rest mass mg, their energy
would be
2

E =mc?® = ymoc® = _Mo¢ (18.26)

Jiop

and their velocity

2 4\ 1/2 2 4
1
g:<1—mE0§> z1—§”21§ , (18.27)

since one can safely assume that myc? < E. This means that the
neutrino velocities are very close to the velocity of light. Obviously,
the arrival-time difference At depends on the velocity difference of
the neutrinos. Using (18.25) and (18.27), one gets

1mget _1mpt E} - E?
T 2 FE 2 F T —
At ~ — 1 2~ omidt - 2L 18.28
C ﬁlﬁg 2 0 C E% E22 ( )

The experimentally measured arrival-time differences and indi-
vidual neutrino energies allow in principle to work out the
electron-neutrino rest mass

oAt E2E2 \'?
= (= 2 . 18.2
1o (1“03 E2 — E? (18.29)
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10.6 The interaction cross section of high-energy neutrinos was mea-
sured at accelerators to be

o(v,N)=6.7-10"% E, [GeV] cm? /nucleon . (18.30)

For 100 TeV neutrinos one would arrive at a cross section of 6.7 -
1073* cm? /nucleon. For a target thickness of 1km an interaction
probability W per neutrino of

W = Na[mol ']/godo=4-107° (18.31)

is obtained (d = 1km = 10° cm, p(ice) ~ 1 g/cm?).

The total interaction rate R is obtained from the integral neu-
trino flux @, the interaction probability W, the effective collection
area Ae.g = 1 km? and a measurement time ¢. This leads to an event
rate of

R=0,W A (18.32)

corresponding to 250 events per year. If a target volume of 1km? is
fully instrumented, the effective collection area will be even larger.

Chapter 11
11.1
dFE
—_— = bE
e a+

is a good approximation for the energy loss, where a represents the
ionisation loss and b stands for the losses due to pair production,
bremsstrahlung and photonuclear interactions. For 1 TeV muons
one finds [5]

a~25MeV/(g/cm?) ,
b~ 7.5-107% (g/cm?)~! .

For 3m of iron (g - = 2280 g/cm?) one gets

AE:3m@ =22.8GeV .
dx

Because of energy-loss fluctuations, one gets a radiative tail in
the momentum distributions of an originally monoenergetic muon
beam as sketched in Fig. 18.5 [5].
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010 T T T T
median
L 1TeV muons 987 GeV/c
0.08 - on3m Fe _
T
S 0.06 -
g L
= I mean i
T 004 977GeVic  Ja | ]
= I FWHM
© I 9GeV/c
0.02 B
000 L T L L L
950 960 970 980 990 1000

final momentum, p [GeV/c]

Fig. 18.5. The momentum distribution of 1TeV/c muons after traversing 3 m
of iron [6].

11.2 The production probability can be determined along the lines of
Eq. (1.25) and the references given in that context. For argon
(Z =18, A =36, p=1.782-10"2g/cm?) the column density is

d=0.5346g/cm” .
Bending radii from 5cm to 20 cm correspond to momenta
p[GeV/c] =0.3B[T] - R [m]

of 30MeV/c to 120MeV /c. The d-electron differential energy
spectrum for high-momentum muons can be approximated by

de

¢(e)de = 2Cmec2€—2 ,

where € is the energy of the ¢ electron and m,. the electron rest
mass [7, 8. With C' = 0.150 £ g~' cm? one gets

120 MeV 2
Z (1 1 cm
P:/ ¢(5)ds=0.150-<—>

CHl2

=1.875-107% — |
g
P-d=10"2=0.1% per track .

For 100 tracks one has a 10% probability that one of the charged
particles will create a § electron with the properties in question.
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11.3 (a)
1
0,=06, for n=g = O=mV2=255.6°,

B(p) = B(po) (pp)/ .

dE keV
L 10keV) =270 av2 - py - L
dx cm Datm
_97.10° - 1v3-50. 22 ev — 796V
N 760 - '

i.e., just about one or perhaps even zero ionisation processes
will occur.

11.4

By - ltxx, By -loxy,
{=const = By=g-x, By,=g-y.

This leads to a magnetic potential of

V=—g-zy
with
0B, 0B,
9= 0 ~ oy ’

where ¢ is called the gradient of the quadrupole;

ov OVq)

—grade — (&er+a:[/ey

Since the surface of the yoke must have constant potential, one
has

1
V=VWW=—9g-xz-y, ie xzox-—,
Y

which means that the surface of the yoke must be hyperbolic.
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Chapter 12
12.1
T(T") = %T(T) , 70 eBa/kT" %7‘0 ela/ KT :
solve for % —
Gl = ! 1.18 .

KT~ 1-mi2

— The temperature has to be increased by 18%.
12.2

e Inl.1
AU~ _ ot o/ O] 1 G s

— Ne - Inl.1
AU T CIn(ra/m) In(ro/ri) L= mam

— The gain is decreased by 12%.

Chapter 13
13.1 Assume Poisson statistics:

efficiency = 50% = e ™ =0.5 = m =0.6931 ,
m

N = = 43.32 ,
TIPM * T]Geom ° T[Transfer

dN

oo 490 sin® fc cm ™! - 150 cm = 43.32
X

sin?fc = 5.89-107% |
HC =1.39° 5
1 1
9 = — = .
cosve nf =5 n cos ¢

Index of refraction of CO5 at 3 atm:

n = 1.00123 = 3 = 0.99907
= y=23.14
= B, =3.23CeV .
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13.2 By grouping the photons into pairs one can work out the invariant
mass of the different v+ combinations,

m? = (gy, ‘f‘qwj)Q =2-E, -E,(1—cost) .

One finds for m(y1,7v2) = 135MeV and for m(vs,v4) = 548 MeV,
i.e., the four photons came from a 7% and an 7.

13.3
L-c L-c
At:Q.p2(m§—m§):2'p2(m2—m1)(m2+m1);
if my =~ my —
L-c
since
P2=a2m?. 52
one gets
At — L-c 'Am’
2822 m
%
Am , 232
— = - At .
m 7 L-c
For 8 ~ 1 one has
Am 9 C At
— A2 At =A% 18.33
=77 7S (18.33)

For a momentum of 1GeV/c the flight-time difference for muons

and pions is
L 1 1
At=—-|———
c <51 ﬁz)

From yAmc?> = 1GeV one gets Vu - By = 946, v - B = 7.16
corresponding to £, = 0.989, v, = 9.57 and (B, = 0.981, v, =
7.30. With these values the flight-time difference becomes At =
27.5 ps. The absolute flight times for pions and muons are not very
different (this is the problem!), namely t, = 3.37ns and t, =
3.40 ns, resulting in

At ~8.12-1073 .

This excellent value is, however, spoiled by the factor 72 in
Eq. (18.33), leading to a relatively poor mass resolution.
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13.4 The quantity E2,, is equal to the kinematical invariant s = (p; +
p_)?, where p, and p_ are the positron and electron four-momenta,
respectively. Then this value can be expressed as

s=(py +p-)? =2mZ +2(ELE_ —Fip-)

Neglecting the electron mass and the angle between the beams,
22mrad, one gets

Eoum =2 ELE_ =10.58GeV .

Considering the finite crossing angle of 22 mrad results in a decrease
of the centre-of-mass energy of 200 keV only!

13.5 Since a particle energy loss is recovered at every revolution when it
passes the RF cavities, let us calculate first the probability of the
emission of a bremsstrahlung photon carrying away more than 1%
of the particle’s energy. The number of photons which are emit-
ted along the path AX in the energy interval [e,e 4 de] to first
approximation is (see Rossi’s book [7])

dn, = DX de
n_Xog'

Integration of this expression from € to the beam energy, Ey, gives
the required probability

The density of the residual gas (assuming air, having the density
of 1.3-1073g/cm? at 100kPa) is 1.3 - 10715 g/cm?® which results
in w; ~ 0.5-107'% which means that after an average of 1/wy =~
2-10'° revolutions a bremsstrahlung process with an energy transfer
of more than 1% of the beam energy occurs. This corresponds
to a beam lifetime of t, ~ 2 -10°s. In a real experiment with
intensively colliding beams, the beam lifetime is much shorter and
it is determined by other effects, such as beam—beam interactions,
the Touschek effect,* nuclear interactions of the electrons with the
residual gas, interactions with the ambient blackbody photons of
room temperature and so on.

¥ An effect observed in electron—positron storage rings in which the maximum particle con-
centration in the counterrotating electron bunches is limited at low energies by the loss of
electrons in Mgller scattering [9].
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13.6 The differential cross section for this process is expressed as (see,
for example, [5] (2006), p. 325)

do o?
27— % (14 cos?0) .
10 43( + cos” )

Integration of this formula over the mentioned solid angle and
converting the ‘natural units’ of the cross-section formula into
numerical values by using fic = 0.1973 GeV fm results in

Ta? - 23 65.1nb - 2 70.5nb
Odet = —— o | T T~ o1 o ) T Tt~ xo1
det =7\ 3 s[Gev2] \" " 3 5 [GeV?]

where zy = cosfy. Thus, one gets ogey = 0.63nb at Foy =
10.58 GeV corresponding to a muon event rate of 6.3 Hz.

Chapter 14

14.1 When the overall resolution of a system is determined by the convo-
lution of multiple Gaussian distributions, the individual resolutions
add in quadrature:

At =/ At? + At2 = /1002 + 502 ps = 112 ps .

14.2 (a)
Qn = 1/Q% +Q2, = +/120% + 1602 eV = 200eV .

Qn=1/Q% +Q2%, =+/102 + 1602V = 160eV .

After cooling, the current noise contribution is not discernible.

14.3 (a) The two Gaussian peaks are adequately resolved at op =
AF/3, so since the spacing between the two peaks is AE =
(72.87 — 70.83) keV = 2.04keV, the required resolution is
op = 0.68keV or 1.6 keV FWHM. Note that in systems dom-
inated by electronic noise it is more useful to specify absolute
resolution rather than relative resolution, as the linewidth is
essentially independent of energy.

(b) Since the individual resolutions add in quadrature, o% =
o3, + o2, the allowable electronic noise is o, = 660eV.

https://doi.org/10.1017/9781009401531.022 Published online by Cambridge University Press


https://doi.org/10.1017/9781009401531.022

570 18 Solutions

14.4 (a) The noise current sources are the detector bias current, con-
tributing i2; = 2elq, and the bias resistor with i2, = 4kT'/Ry,.
The noise voltage sources are the series resistance and the
amplifier, contributing e?y = 4kT R, and €2, = 1078 V2 /Hz,
respectively. The shape factors for a CR—-RC' shaper are
F; = F, = 0.924. This results in an equivalent noise charge

F,
Q? =T, F + C2e2 Y |
T,

AkT Iy
Q2= (2efat - ) Tk R (RTR 4 2
b S
Q2 =(3.2-1072° +1.66-107%") - 107°- 0,924 C*+  (18.34)
924
+1072.(1.66 - 10719 + 10718 - 23—6 e

The detector bias current contributes 1075 e, the bias current
245 e the series resistance 246 e and the amplifier 601 e. These
add in quadrature to yield the total noise of ), = 1280¢ or
4.6keVrms (10.8keV FWHM).

(b) As calculated in (a) the current noise contribution is

Qni = V10752 4 2452 ¢ = 1103 e

and the voltage noise contribution is

Quv = V2462 +6012¢ =649 ¢ .

Minimum noise results when the current and voltage noise
contributions are equal. From Eq. (14.18) this condition yields
the optimum shaping time

en [|Fy
T 0pt = Ci.* -
’ pt Zn E

This yields T opt = 5891s and Qn min = 1196 €.

(c) Without the bias resistor, the noise is 1181 e. For the resistor
to add 1% to the total, its noise may be 2% of 1181 e or 24 e,
so Ry > 34 M.

14.5 (a) Equation (14.26) yields the timing jitter

On

T @v/dt,
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The noise level is o, = 10UV and the rate of change is

av. AV 10107V

— = =10°V/s
dt Tt 10-10—9s /s
yielding the timing jitter
10-10°°
oy = BT s=10ps .

(b) For the 10mV signal the threshold of 5mV is at 50% of
the rise time, so the comparator fires at (5 + 1) ns, whereas
for the 50mV signal the threshold is at 10% of the rise time,
so the comparator fires at (1 4+ 1)ns. The time shift is 4 ns.
Note that the time ¢y drops out, so it can be disregarded.

Chapter 15

15.1
Nacc — 5eNe + 57rN7r — 5eNe + 87r(-zvtot - Ne)

Solving for N, gives

Nacc - EﬂNtOt
e —&x

N, =

In case of €, = ¢, there would obviously be no chance to determine

N..
15.2
Et] = / te /Tdt =1,
0
o?[t] = /1@—72—”%u
0

/ 2e /T dt — / 2T et/ At + 72 / et/ dt]
0 0 0

(273 —27°% 4 7'3) =72,

n i W W W

15.3 Source rate

n,=———=(n,+n,) —n, .
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Standard deviation from error propagation:
1/2
S A AT T R O\ A
" t to 2 2
_ n,,+nu+nu e
B ty to '

t1 +to = T is fixed. Therefore, dT" = dt; + dto = 0. Squaring and
differentiating o, with respect to the measurement times gives

20, Ao, = —””:72”“ dt; — % dts .
1 2
Setting
do,, =0

yields the optimum condition (dt; = —dts):

v t v v
an“dtg—n—;dtgzo -~ A _ LT w9,
t1 t5 t2 Ty Ty

15.4 y = mE, m — slope. The fitted linear relation is obtained from
y+ Am =0 (C, — error matrix) with [10]

b
I
\
=]
QR e WO RO

0.32 0
2
C, = 03 0.3 —0.097 ,
0 0.32

0.32
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( 0
1
m=—(ATA)"ATy=S(0 1 2 3 4 5) §
4
\ 5 /
0
0.8
1.6 1
(00123 4 5)f )0 | == 427~07764
2.8
4.0

(Am)? = (ATCy_lA)_1

(

=<¢(0 1 2 3 4 5)009"

Tk W N~ O

1
=0.09- — ~ 0.00164 ,
55
—m =0.7764 £ 0.0405 .

The data points — corrected for the offset — along with the best fit
are shown in Fig. 18.6.

4+ = corrected experimental values B
linear fit

response [a.u.]

0 1 2 3 4 5
energy [GeV]

Fig. 18.6. Calibration data, corrected for the offset, along with the best fit
calibration function.
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Chapter 16

16.1 P = 10mW laser power at the frequency v; rate of photons n =
P/hv, h — Planck’s constant; momentum of the photon (after de
Broglie) p = h/A = hv/c; change of momentum upon reflection
2p = 2hv/c; the force has two components: (a) reflected photons
Fy=n-2p-e= (P/hv)2(hv/c)e = 2(P/c)e; (b) absorbed photons
F = (P/hv)(hv/c)(1—€) = (P/c)(1—€); F = Fi+F, = L. (e+1) =
5-107'1N.

16.2 Number of 238U nuclei: N = Ny-e~*, where A = In 2/T1/2; number
of lead nuclei: No(1 —e ). r = No(1 —e M) /Nge ™ =er -1 =
0.06, t = 3.8 - 10® years.

16.3 Total power radiated by the Sun: P = 4WR20T§, where o — Boltz-
mann’s constant, 7s — Sun’s surface temperature (= 6000K), R —
Sun’s radius. The satellite will absorb the power

47 R?0TS R?
P = D2 5 . qrle = ﬁaTélm’ze ,

where D — distance Sun-satellite, » — radius of the satellite,
€ — absorption coefficient. Since the emissivity is equal to the
absorption, one gets

Py = 4mr?cT? - ¢
for the radiated power by the satellite. At equilibrium one has
Py, = P>, and therefore
2
—aTé‘m‘2 e =AnrioT* - ¢

D2
yielding
R2 1/4

with R ~ 700000km and D =~ 150000000km one obtains T =
290 K.

16.4

2
Eri+ Ey=28MeV , E= ;L s /2m1 B = \/2mo Ea
m
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because the lithium nucleus and the « particle are emitted back to
back;
UL my;

E, = (Q—E,) — E,=—"—-Q=178MeV .
My myi +Mq

16.5 do/df2 o< 1/sin* §/2 o 1/6* for Bhabha scattering. The count rate
is determined by the lower acceptance boundary,

UBhabha(QO) = / (do‘/dQ)Qﬂ' df « 1/98 .
0o

Doubling the accuracy of o(ete™ — Z) by a factor of 2 means
OBhabha (Pnew) = 4 - OBhabha(00) ,  1/05e, =4-1/65 .
This leads to
Onew = 0o - W =0.636y ~ 19mrad .

16.6 A 100 GeV ~-induced shower starts at an altitude of d ~ 20km
and has just about 100 energetic secondaries which emit Cherenkov
light over a distance of ~ 20 Xy(= 6000m). The photon yield in
air is &~ 20 photons/m, leading to a total number of Cherenkov
photons of

N, £100-20-6000 =1.2-10" .

These photons will be distributed at sea level over a circular area
A=mn-(d tanf)?* ,

where 6 is the Cherenkov angle of relativistic electrons in air at
20 km altitude (=~ 1.2°):

A =550000m* .
With an absorption coefficient in air of € ~ 30% one gets
n=N,/A - (1-¢€ <15/m? .
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