Energy Loss of (heavy)
charged particles by
atomic collision



Energy Loss

Charge ze, velocity v, mass M, Impact parameter b

H

Momentum lransfer

Consider a charged particle with a charge ze, velocity v, and mass M interacting with an atomic electron at distance at b.




Energy Loss (cont.)

@ Consider a bulk of electrons

@ Number of electrons

No = p-2mb - db dx

@ Energy loss becomes

Arz2e* db
E(b) = N, - AE(b) = d
4E (b (b) = T p T da
dE  4rz%e? db A7 22 e* bl ok
— 7 ? 9 P ln( )

dr ~ muv2 i MV Olind



Bohr's Formula

bmin : head-on collision

ze
2mev2 =

bmin ==

biryini 29M V2

bmax ¢ adiabatic invariance

F.+= AP t :Periodof bound electron’s
orbital motion

ze”T 0. 2z€” . S
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33. PASSAGE OF PARTICLES THROUGH MATTER

Revised August 2015 by H. Bichsel (University of Washington), D.E. Groom (LBNL),
and S.R. Klein (LBNL).

Bethe Equation

(£)-w25 0
dx <y

K = 4t N rimec® = 0.307075 MeV mol ™' em?
re = e°/(4megmec?) = 2.8179403267(27) fm

2Me o2 ﬁ2 ,},2

W= e« 2T
T 14 2yme /M + (me/M)?




Mean Excitation Energy
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ICRU 37 (1984)
(interpolated values are
not marked with points)

Barkas & Berger 1964

Bichsel 1992\
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ICRU : International Commission of Radiation Units & Measurements
| : average excitation potential of atoms
Bloch’s law : | = 10*Z

AHE oKX E MESCiE A2 E29| 9,;er| excitation energy0l| £t#5t= 20| &[0, =7(29| 0= O] Stopping powers
e, o] &

SH5h= A=0| EO| O|F0{% 22, Xte| WH MOl Excitation potential & mean excitation energyE =5l ALt

MX = 1/Z=10 Bloch’s law 2t11 5t= 0|, L =22 =2Qlst 20| ofL|2f 22tet. 0] relationO] LOW-Z material|A| HI0{L}11, Of
correction= Barkas correction. second-order correctionO| Blochdl.




Atomic and nuclear properties of copper (Cu)

For muons, dE/dx = a(E) + b(E) E. Tables of b(E): PDF TEXT
Table of muon dE/dx and Range: PDF TEXT

Explanation of some entries

Table of isotopes Warning: may not be current

X ray mass attenuation coefficients

Quantity Value Units Value |Units

Atomic number 29 aterials

Atomic mass 63.546(3) [g mole™!
' |Specific gravity 8.960 g cm™ u)st,ag?lfssniﬁc t:::ginrgiZﬁmlﬁszt?;eﬁgni;;cgg:sgcﬁﬁﬁon
| Mean excitation energy [322.0 eV —

Minimum ionization 1.403 MeV g'lem? |12.57 |MeV cm'!

Nuclear collision length |84.2 g cm 2 3.393 |cm

Nuclear interaction length [137.3 g cm 2 15.32 [cm

Pion collision length 109.3 g cm2 12.20 [cm

Pion interaction length  |165.9 g cm2 18.51 |cm

Radiation length 12.86 g cm2 1.436 |cm

Critical energy 19.42 MeV (for ¢) [18.79 |MeV (for ™)

Moliére radius 14.05 g cm2 1.568 [cm

Plasma energy flw > 58.27 eV

Muon critical energy 317. GeV

Melting point 1358. K 1085. |C

Boiling point @ 1 atm 2835. K 2562. [C

2016/AtomicNuclearProperties/

~
~



particle dote group
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Atomic and Nuclear Propertles of Materials
for more than 300 materials

\
Click on element or other materal for propemes of interest in high-energy physws stopping power (<-dE/dx>) tables including radiative losses for muons, nuclear and pion
collision and interaction lengths, electron, positron, and muon critical energies, radiation length, *ollere radius, plasma energy, and links to isotope and x-ray mass atteunation
coefficient tables and plots. \
This AtomlcNuclearP:opemes page is upgraded as needed in response to suggestions and requests fO( new materials.
Suggestions and comments are welcome. Please report errors. _

\

Chemical elements: For entries in -, a pull-down menu permits selection of the physical state. "
' Cryogenic liquid densties are at the boiling point at 1 atm.
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Inorganic compounds (Al thnough Fo) '
Inorganic compounds (Freon through Pu)
Inorganic compounds (Potassium thru yttrium)
Inorganic scintillators (BaF2 through Y2Si05)
Simple organic compounds

Polymers

Mixtures

Biological materials




33. PASSAGE OF PARTICLES THROUGH MATTER

Revised August 2015 by H. Bichsel (University of Washington), D.E. Groom (LBNL),
and S.R. Klein (LBNL).

Bethe Equation

dE Z 1 |1
Kzz——[

A 32

@ charge square of incident particle ( z2)
@ charge of matter (2)
@ Inverse of mass of matter (1/A)

@ Unit of MeV - cm%/g

QX Ol B A0 A2} 20|, 5IL}C| sacle2 LIEILF = Constant KE E85t0 11, tHe] Z0|2 HAA O 2 0] HiZ|= of|X|= UALSH= QURIe| HM5to
M=o S2o| M35l Z of Hlgl|5H= 20| 28 & 4~ QI&LICH 2R 2] Mass Numbero]| EHH|2|5H= B3O 2 LIEHLIT Q= O, O]= O] E3AI0] MeV * cm

THRIE A e =M, & O EEHXNQ HHA0] £|=5 o AYLICE




Cecil F. Powell Nobel Lecture 1950
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33. PASSAGE OF PARTICLES THROUGH MATTER

Revised August 2015 by H. Bichsel (University of Washington), D.E. Groom (LBNL),
and S.R. Klein (LBNL).

Bethe Equation

dE 57 1 [1. 2mec? B2y Winax
_ KZ —— ] = ln S
AB2 |2 12

2 0(B7)
A

- dx

charge square of incident particle ( z%)
charge of matter (2)
Inverse of mass of matter (1/A)

Mixture of different dependence on the velocity (B)

H H H H D

Maximum energy transfer in a single collision

__— 2mec? 22

P 4 29me /M + (me/M)?
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(—dE/dx) MeV g —1lcm?)

1 11 llllll 1 1 lllllll 1 1 lllllll 1 1 11111

1.0 10 100 1000 10000
By = p/Mc

O JzloflM E&= Hiet ZH0|, W2 HY0f| RI0{A, Mass stopping power= Mass numberZ normalize$t energy lossA O 2 LIEHH 4= UA| == AL
CtO| J20|MEHM beta - gammaZt 30i[A] 3.5A10[2] YA 71E &2 Zf= Z7A kl= O, O] 22 Z= YAFE minimum lonizing particleO|2f11

BfLIC}. O] 240| beat - gammaZt 42 &S Z= A0| =L YAISHE YAe| 252 2Eof m2tA 2 xt0|S LIEHHA| &|= Hl....7H muongl Z<0

= 2F 400 MeV/c2| RS2 2= 427t MIPO| E|X|2t, proton?| A7t ™ 2F 3GeV/co| 2FEF2 2= 227t MIPZt EICL

AHAA0|M Cosmic muon (R s| Zot™ 2t X|&™of| 2kA| 2FzZte| XHo|7}F QI (CHZ|Bof|AM TSN MA| A MNX| SHLL|7L....)
(0{2{229] ME A0 E0{2E= Cosmic muon?| energy spectrum= ME= A MO|QYE= =07t 2 X B2ZHR....).
OLX] 2= E Zt10 JQ2L|7}, 0] cosmic muon= MIPO|2t1T SH= 2 ef7t2 CHE 2|0|7} £|ZUX|2t, 300 MeV/c= MM OCHK| 37| B5HX|
or7|uf 20, 2 elst o|0|oflM Cosmic muong MIPLE £F|Z5t11, cosmic muonO| E7|= O|LHX|E stLte| ZfS 2 LIENLZ| = SHL|Ct,




MIP energy deposit

h
Entries 100000
Mean 1.942
RMS 0.4488
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6. Atomic and nuclear properties of materials 1

6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1b1.gov/AteaichecloarProperties by D.E. Groom (2015). See web pages for more detall about entries in this
table and for several bundrod other substances. Parentheses in the dE /dr and dessity columns indicate gases at 20° C and 1 atm. Bolling polmts
are at 1 atm. Refractive indices n are evaluated at the sodium D line blend (5809.2 nm); values 31 in brackets indicate (n — 1) x 10% for gases at
0°C and 1 atm.

Material Z A (Z/A) Nucleoll. Nuclimter. Radlen. dE/drl,;, Density Melting Bolling Refract.
length Ay length Ay Xo { ' {gcm ‘} point point index

: [ )
{gem™?) {(gem™?} {gem~?} g~'ew®} ({g7')  (K) (K) @NaD ‘ P l l t l
1.008(7) 099212 428 520 a4 4. ) 0.071(0.084) 13.81 20.28 1.11[132] O yv l n y o u e n e

2.01410177803(8) 0.49650 51.3 718 12597  (2.053) 0.160(0.168) 18.7 2365 1.11(138)
4.002602(2) 0.49967 51.8 71.0 94.32 537) 0.125(0.166) 4220 1.02035.0]
6.94(2) 0.43221 52.2 71.3 £2.78 , 0.534 453.6 1618.
: 9.0121831(5) 0.44384 55.3 778 65.19 . 1.848 1560, 2744,

C diamond 6 12.0107(8) 0.49955 50.2 85.8 42.70 , 3.520 242

C graphite 12.0107(8) 0.49955 50.2 85.8 42.70 2.210

N 14.007(2) 0.49976 61.1 80.7 3700  (1.525) 0.807(1.165) €3.15 7720  1.20{298)
15.990(3) 0.50002 61.3 90.2 324 (1L801) 1.141(1.332) 54.36 9020 1.220271)
18.998403163(6) 047372 65.0 974 3203 (1.676) 1.507(1.580) 53.53 8503  [195)
20.1797(6) 0.49555 65.7 99.0 2803 (L.724) 1.204(0.K39) 24.56 2707 1.09(67.1)

26.9815385(7) 0.48181 69.7 107.2 24.01 1615 2699 9335 292 @ A — 5 7 3 2
28.0855(3) 049848 702 1084 2182  166( 2329 1687, 3538, 395 T = - g Cm
35.453(2) 0.47951 738 1157 1928  (1630) 1.574(2980) 1716 2391  [773)

30.945(1) 045050 757 1197 1955  (1.519) 1.306(1.662) 8381  87.26 1.230281)

47.867(1) 045961 T8E 1262 1616 1477 4540 1941, 3560,

55.843(2) 0.46557 81.7 1321 1384 1451 TAT 1811, 334

63.546(3) 045636 842 1373 1286 1403 8960 1358, \ 2
72.630(1) 044053 869 1430 1225 1370 5323 121l ey c m
50 118.710(7) 0.42119 982  166.7 852 1263 7310 5051 l - °

54 131.293(6) 041129 100.8 172.1 848 (1.255) 2.053(5483) 1614
7 183.84(1) 0.40252 1104 1919 6.76 1.145 19.300 3695.
78 195.084(9) 0.30083 112.2 195.7 6.54 1.128 21.450 2042,

70 196.966569(5) 040108 1125 196.3 6.46 LI 19.320 1337, 2
82 207.2(1) 0.39575 114.1 199.6 6.37 1122 11.350 600.6 2 -
0 [238.02891(3)) 0.358651 118.6 2000 6.00 1.081 18,950 1408, -— [}

Air (dry, 1 atm) 049919 61.3 90,1 36,62 (1L.815) (1.206)
Shiclding concrete 0.50274 65.1 975 26.57 1711 2.300
Borosilicate glass (Pyrex) 0.49707 64.6 96.5 2817 1.656 2.230

Lead glass 042101 959 1580 787 12585 6220
Standard rock 050000 668 1013 265( 1688 2650 d E / d x ey 1 9 6 5
Mothase (CHy) 0,62334 54.0 : 4647  (2417) (0667) 9068 [444 — ()

Exbane (CaHg) 059861 56.0 4566  (2304) (1.263) 90,36
Propane (CyHy) 0.58062 4537 (2.262) 0.493(1.868) 85.52
Butane (CqHyo) 0.50497 4523  (2278) (2.489) 1349
Octane (CsHis) 057778 45.00 2123 078 2144

Parafin (CHy(CHa)anasCHy) 0.5727 8. M85 2088  0.900 ’ ~ 2
Nyloa (type 6, 6/6) 0.54790 57.¢ 81, 41.92 . 118 e c m g

-
.. e
£

4
"

-l ow] ow] ol o

Polycarbonate (Lexan) 0.52057 . 83. 41.50 58 1.20

Polyethylene (([CH2CHz ) 0.57034 1 . 4477 .0 0.89

Polyethylese terephthalste (Mylar) 0.62037 58,9 9 39.95 S48 1.40

Polyimide Slm (Kapton) 0.51264 . ' 40.58 5 1.42
Polymethylmethaceyiste (acrylic) 0.63937 3 82 40.55

Polypropylene 0.55008 56. ' 4477

Polystyrene (([Cgl CHCH; 2) 0.53768 A . 4379

Polytetrafluorocthylene (Teflon) 047992 3.1 3484

Polyvinyltoluene 0.54141 / 43.90

Alumizum oxide (sapphire) 049038 a8, 2T 3. 2327,

Barium flouride (BaFj) 042207 .8 991 30 B 1641. 2533.
Bismuth germanate (BGO) 0.42065 . 7.97 1317.

Carbon dioxide gas (CO3) 0.49989 60.7 88.¢ 36.20

Solid carbon dioxide (dry ice) 0.49989 60.7 36.20 T8 . Sublimes at 154,
Cesium iodide (Csl) 0415669 100.6 839 504.2 1553,
Lithium flucride (LiF) 046262 61.0 . 39.26 1121, 196,
Lithium hydride (LiH) 0.50321 50.8 \ T9.62 965.

Lead tungstate (PHWO,) 041315 1006 7.39 ‘ : 1403,

Silicon dioxide (SiOz, fused quartz) 0.49930 656.2 1986, 3223,
Sodium chloride (NaCl) 047910 712 1075. 1738,
Sodium jodide (Nal) 042697 3.1 933.2 1577.
Water (H,0) 0.55509 58.5 ' : d 273.1 373.1

Silica acrogel 0.60003 656.0 (0.03 H20, 0.97 S:03)




In'case 0T 400 MeV/c muon entering the
plastic scintillator

— In

<_d_E> w2z 1 [1 2mec? 32y* Winax

dx A 32

@ K =0.307075 MeV - ecm? /mol

@ <Z/A> =0.54141

@ B =0.9668, By = 3.7858
® 1= 64.7¢V

® mec?=0.511 MeV

@ Winax = 14.109 MeV

16

2 0(B)
2 AR

Quantity Value ~ [Units Value [Units
I@b—ml—lil—
Spoc fic gravi [1.032 | em® [ |
exci 64 7 |
uclear collision length 57.3 | g cm‘2 @ cm
uclear interaction length 81 3 | cm™2 lmcm
ion collision len 84.8 | cm2 ’mcm

ion interaction len W’gcmz—,m,cm—
Radiation length 43.90 | em2 mcm
CﬂnmLcncrgy. 94.11 McV (for e) WM&:V (for e*)

Plasm nergy hw,, 21 cV | |
Muon critical ene
i




Cosmic ray momentum spectrum @ KEK

Entries 100000
Mean 2.983
RMS 2.2

2 3 4 5 6 7 8 9 10
Muon Momentum (GeV/c)

17



h3
Entries 100000
Mean 1.974

RMS 0.4504
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Energy Deposit (MeV)
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Particle Energy Deposit

By > 3.5:

d_E N d_E C—ions ”
de /| do - ”

min 250 MeV/u -
300 MeV/u-

By < 3.5:

ap\ _ dE
dx dx

min

18 MeV
photons

relative dose

Applications:

Tumor therapy

i . 120keV
Possibility to precisely deposit dose : S TAYS

at well defined depth by Epeam Variation L TT—
[see Journal Club] 5 10

depth in water [cm]




Straggling
-Landau Distribution-

For a small energy loss, prob. of fluctuations

Let unknown function f(x,A)

£}

z

>
o [ o@lf@A ) - f(o, Alde
dz| Jo ’ ’ X A~A+dA
1 g je I X Energy Loss
A p
fad)= 5o [ ot

= x2| &S Sutst= 5t X7} delta~delta+ddeltaAlO|2] O|HX|E HZE &&= f(x, D)2t1 SkAL O] unknown =7} O

= 72 LS AFZHO| Landau@lEl, Laplace transform= ZE&5te 4=8H& 7|4 bH 2 0172 SHCHH

‘.3:.*—15 fE C=at 20| A= D, eEgte xE HIstEl 2ol A 2ol A ?:*O O1I|—‘|7(| ss&
ULtE AS HOFLICL.

e g
o
HERXT =1, 0|2 &

= T°|'EH77|' |




CHRIAIE H2l0|7H of|HX| xi2 B18HsHH, probability function= #14~ lambdagl #H4 : oot 4= QI1 Of 2t& efe7t 2|07t &= =712
0|2t 20| E|11, O] Z+2 most probable valuegt1l &. 0| gt 0|2 ZH0| FO{X| 1, : ud

istributionO|2t11 &,

With a variable ¢==2
A
§

¢()\) il L/ eulnu—l—)\udu

27” —100+0

A—&(lns +1-0)
A = 2

Most probable value of energy loss :

ANEAVINBUAY

23



CHR|AIE 2|07 oKX xi2 H#&5HH, probability function2 ¥4 lambda’l #4 : b 4= Q11 0| &h& et=e7t Z|Th7t E|l= 222
0|2} Z0| £|11, O] Z+2 most probable valuegtdl &t 0| t= 0|2t ZH0| _,_o1x|—l ud

|str|but|on0|Eh_'_ sk,

: . Vesp
With a variable ¢=2:="
S= mv? > A
1
1 +100+0
P(A) = 2—m/ eUInUTAU gy Maximum at A=-0.05
—100+0

A f(ln +1-C)
§

Most probable value of energy loss : Ay = §(lng + 0.37)

A — Ag
§

A — Ag
§

fz, A)dA = ¢ )d( )

24
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B 1 Mean 1.974

8000— | RMS 0.4506
B R ¥2/ndf  2012/87
B 1 Constant 5.45e+04

6000|— | MPV 1.719
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h1
Entries 100000
Mean 26.99
RMS 18.41

30 40 50 60 70 80 90
Polar angle (degree)
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10000— ] Entries 100000
B l Mean 2.596
B 1 RMS 0.7765
= Qma 0.08255
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Energy 0SS of e+




Energy loss of e=

| Nl | Illlllll | il

Lead ( Z =82)

Bremsstrahlung

lonization

Positron >
anmlhllaltloln 1

lllllllll'llll

L 111

10 100
E (MeV)




Bremsstrahlung

k = hy

E(x) = Ege™ /%0

A

daN s Z?r2In Zlf/gg

Radiation Length Xo X0 =

31



Energy loss of e=

| Nl | Illlllll | il

Lead ( Z =82)

Bremsstrahlung

lonization

Positron >
anmlhllaltloln 1

lllllllll'llll

L 111

10 100
E (MeV)




H

H

Critical energy (Ec)

Energy at which a electron losses its energy as
same amount by bremsstrahlung and ionization.

Energy at which the ionization loss per Xo is
equal to the electron energy.

Copper
X, =12.86 g cm~2
E.=19.63 MeV

-3
o

Rossi:
Ionization per X
= electron energy

O W Ot
c O C

2
2]
1
x
3
=

Do
(o]

Brems = ionization

10 20 50 100 200
Electron energy (MeV)




" O
O 710 MeV
> - Co
S oL 610MeV 7 5. 4~ Z+092
c Z+1.24 \O\
mb
20 + Solids
O Gases
10 =
IIJI He Li BeB CNONe j I
5 | 1 1 L1 11 1 1 1 1 11
1 2 5 10 20 50 100

Figure 33.14: Electron critical energy forZ

definition [2].

the chemical elements, using Rossi’s

The fits shown are for solids and liquids (solid line) and gases

(dashed line). The rms deviation is 2.2% for the solids and 4.0% for the gases.

(Computed with code supplied by A. Fasso.)



Cherenkov radiation

@ 1In 1934, P.A. Cherenkov observe new type of luminescence

irradiating gamma rays into uranyl salt.

)

¢« Originated by charged particle

@ Not to be radiative origin
z

Observed at a certain angle along particle direction




Refractive indices, Cherenkov threshold values

“

Material n-—1 B-Schwelle ~-Schwelle

festes Natrium 3.22 0.24 1.029

Bleisulfit 2.91 0.26 1.034 _ _

Diamant 1.42 0.41 1.10 problematic: region between
Zinksulfid (ZnS(Ag)) 1.37 0.42 1.10 A

Silberchlorid 1.07 0.48 1.14 liquids and gases

Flintglas (SFS1) 0.92 0.52 1.17

Bleifluorid 0.80 0.55 1.20 ]

Clerici-Losung 0.69 0.59 1.24 Aerogel: mixture of

Bleiglas 0.67 0.60 1.25 .

Thalliumformiat-Lésung 0.59 0.63 1.29 m (SiO,) + 2m (H,0)

Szintillator 0.58 0.63 1.29

Plexiglas 0.48 0.66 1.33 - - . : :
Borsilikatgias 0.47 0.68 1.36 light structure with inclusions of air,
Wasser 0.33 0.75 1.52 - :

Aerogel 0.025 - 0.075 0.93-0.976 4.5-2.7 bubbles with diameter < }‘Licht
Pentan (STP) 1.7-1073 0.9983 17.2

CO, (STP) 4.3-107* 0.9996 34.1 — n:averaae from n... Ne:ns. N
Luft (STP) 2.93 - 104 0.9997 41.2 9 ain 17Si022 ©'H20
H, (STP) 1.4-10"4 0.99986 59.8

He (STP) 3.3-10°° 0.99997 123

Tabelle 6.2: Cherenkov-Radiatoren [94, 32, 313]. Der Brechungsindex
fiir Gase bezieht sich auf 0°C und 1atm (STP). Festes Natrium ist
fiir Wellenlangen unterhalb von 2000 A transparent [373, 209].
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Transition radiation (TRD)

Charged particle passes through materials with different dielectric properti
— particle forms dipole with the mirror charge
— dipole changes with time

- radiation

Air (Vacuum) Dielectric medium
Q— e ®

charged part. mirror charge

» radiated energy W proportional to the energy of particle!

1
W=§(xhwpy

- with w_Plasma frequency Energy spectrum for CH foil

2
Nee 16 [
w,= hw,=20eV <k
€ m,
*, 12r

« only important for highly relativistic particles

ro1or

* energy: keV (x-rays)

« B « 1/y : emission in very forward direction

2 4 6 8 10 12 14 16 18 20 22
E,KeV

» probability for photon emission very small -» many transitions (foils with gaps)

 # photons <N> ~ W /hv ~ O (a)=1/137 a fine structure constant

* energy loss due to TRD negligible for single transition

« important for particle ID at high energies, other effects used for PID « 3 (B=1)
Review article: B. Dolgoshein; NIM A 326 (1993) 434

Katharina Muller autumn 14
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PHOTOCATHODE RADIANT SENSITIVITY (mA/W)

Transmission Mode Photocathodes
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Transmission mode photocathodes

Spectral Response
Curve Code | Photocathode Window SL:rTsI:R/l:tsy Spectral reak Wavelength
(S number) Material Material (Typ.) Range | Radiant Sensitivity | Quantum Efficiency
(LA/Im) (hm) | (MA/W) | (hm) | (%) | (nm)
100M Cs-l MgF2 - 115 to0 200 14 140 13 130
200S Cs-Te Quartz o 160 to 320 29 240 14 210
200M Cs-Te MgF2 S 115 to0 320 29 240 14 200
400K Bialkali Borosilicate 95 300 to 650 88 420 27 390
400U Bialkali uv 95 185 to 650 88 420 27 390
400S Bialkali Quartz 95 160 to 650 88 420 27 390
401K High temp. bialkali | Borosilicate 40 300 to 650 51 375 17 375
500K (S-20) Multialkali Borosilicate 150 300 to 850 64 420 20 375
500U Multialkali uv 150 185 to 850 64 420 25 280
500S Multialkali Quartz 150 160 to 850 64 420 25 280
501K (S-25) Multialkali Borosilicate 200 300 to 900 40 600 8 580
502K Multialkali Borosilicate 230 300 to 900 69 420 20 390
(prism)

700K (S-1) Ag-O-Cs Borosilicate 20 400 to 1200| 2.2 800 | 0.36 740

— GaAsP(Cs) — —_ 300 to 720 180 580 40 540

- GaAs(Cs) o — 380 to 890 85 800 14 760

- InP/InGaAsP(Cs) | — — 950 to 1400, 21 1300 | 2.0 |1000to 1300

- InP/InGaAs(Cs) — — 950to 1700 24 1500 | 2.0 |1000to 1550




Compton Scattering

hl/o

1+ (My) (1 —cos0)’

MeC

hv =

9 2(hvg)? cos? ¢
(hvg + mec?)? — (hg)? cos? ¢’

1 0
cot —,

1+ (etr) 2

E = hvy — hv = mec

tan ¢ =

We can also calculate the recoil kinetic energy (T) spectrum of the electron:

4 M 045+ S (s-2) withs=T/E,
dl  mcy' y(1-s5)’ (1-s5) i,

This cross section is strongly peaked around Trnax 18 known as the
T - Compton Edge

max*

max

Kinetic energy distribution
of Compton recoil electrons

Energy [Mev)



Pair Production
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RESOLUTION OF THE ™ -MASS ANOMALY
Walter H. Barkas, John N. Dyer,* and Harry H. Heckman

Lawrence Radiation Laboratory, University of California, Berkeley, California
(Received 29 May 1963)

@ Mass of hyperons are measured by range in
the emulsion

Table I. Observed ranges.

Number of emulsion
Process Measured Mean range stacks used
(1) £*=p+a? 144p 1677 %2
(2) 2 —=pert 48" 92.74 0,34 mm

B)K+p—=xter 40" B18.8 11.7
247" 88.58 +0.51 mm

945" 708.9 *1.5 u = expected as 684 (5)

637" 78.45 £0.25 mm

) K+p—=3s-+zt

It is well known that stopping theory based on
the first Born approximation fails when the par-

ticle velocity becomes comparable to the veloci-
ties of many of the electrons in the stopping ma-
terial. It is perhaps not surprising that there



