Theory G 0 [ 1
persion (Iran)

(2305 ¥+ ) oo (ygail 1 IS la sleialy

Y8 gdg> VY

313 0385 Yo ¢ gama 33 g aidS 0 Job el 0 opla ;)94)']

ase3l 3l 48

2S5 1y Ollgu gy Al B (g gy Sy glao a3 LS 0

033y cpnan o aalgs ouls ¢ Mol lads 4y ouds Exes olo wnele Sy yo i salgs el Sy glao Q'Qyjf obliogoyd ®
(55 o3l 31 J8) ai sales adlel b 4y S5y glao b ysadl bl @ oxile ad s

803l e 53
aalisuuly y3 yosasa gladan yu 1y a3 g Olon .l ouis a8y JIai 4o lads geuwly i gly osasa gladalisuwly *
)b;)a()lSub;w)éﬂawubgwkjl;m)mu|9>uu)>¢@y61y .J,a,lSJ)'g(omk;)';\g&AWAépL!dS)dbg.})A

oylais) aulad oslazwl Jlgw olan @y bgsys Slodo 3l oS auS cBs dicad ol oai axings MQTég)W;épdSb.mb az5,8

93 31 488 0.2y yuuyd gl goy o pramead spales el g wlaagd Olsds g ke S1 (apS S 1y Sy 3 s Jlges
A oslazal g ¢ly Sy 0

w2y bulgy 3l als (el &8 ol U ags yolaie ailuy gl iasanan pause syls el oS ol Bogs gloguly g ys ¢
A8 gylasgs el IMan g 3 aplad oslaal laylsgai g Ldlrie @iMe

gty 13 ime @8y ealia slasi 1y lacl
Axnly 0338 I 1y Yo (L8 cla sy oS ol oy suily Jlau gamy gla sy J> 4 338 conl (Sas el lazs @
el 0ads 0313 s dbo 33 SUiS glacal 3l e

4 oy b olus eals lis ol gy 038 59 wiile) agsls SeS @y 3L ST g 395 1S S 35 @y Jlave @3l oy e
s Mol 1y uBlya 4y S go oad duni Ko 33 E iy dw 31 S ala 518 b dosed o gt

ol sk 055 5 gl
"Refill my water bottle, please"
(gt 4 by gl
"I need to go to the toilet please"
)lse ady gly
"I need help, please"

asedl Hbb 4o

S gslasss g 3l agya sl GLL 31 uy ®

Olxio g (A)dalisunly Sldo (Q) 15 Slonio (C) iingy axbo 1S Iya 1) ooyl @ 1y 355 lo Sy Jlow s2 lyy
(W),ls

38 onila Bl GBlas Sy ')(G)UJSL;LQQ.)M‘) 6M4§yw s gly8 eSS Sh s ly Jlé‘g&mby}o&lﬂsgym .
J3 sy WU gladSy s sl Lol luabl eSU ja saalie oymiy y3 395 ghgal idls oS Lags saaline BB 31 aas
g lzal Il 31 o5 @ B g o @ 3lone lads aliSy Sy

..\.}Jl.'\g.))'*a‘sg) Iy O@.\.:.:S;lﬁ).g Sy 3l oaus bJ|J§.’!) LYJUL&&&JJLO *



Theory G 0- 2
persion (Iran)

(U205 3Sluo sy gy iS s sae Sy ad sae S alas sue S g oloy sae So 8395 sae g3 ) ags g bilwg
Aslag Iy as3 ol oyl o auylay 1y (sslizwl LB ) sasui wlus uile o

Al 3l C)B—Ubl.o.&la&b.\.&)é)gi&oq-L(b&SL\gdSQTj[u.u.‘g Ailay 393 Jua g 00 wﬁyWMJgédu)b .
S aalgs Lalyan loal




Theory

persion (Iran)

GO-3

ases gosls

299 792 458 m - 5!

4rx 107 kg-m-A 2.2

8.854 187 817 x 10712 A% . ¢* . kg™' - m~3
1.602 176 620 8(98) x 10719 A -

9.109 383 56(11) x 103! kg
0.510 998 946 1(31) McV

¢

1.672 621 898(21) x 1027 kg

938.272 081 3(58) MgV

C

1.674 927 471(21) x 1027 kg

939.565 413 3(58) Mg¥
1.660 539 040(20) x 10727 kg

10 973 731.568 508(65) m !

6.674 08(31) x 107" m3 - kg™ ! - 572
9.81 m-s?2
6.626 070 040 (81) x 10734 kg - m? - 571

6.022 140 857 (74) x 10?3 mol !

8.314 4598(48) kg - m2 - s~2 - mol ' - K !

1 x 1073 kg - mol

1.380 648 52(79) x 1028 kg -m?2 -5~ 2. K !

5.670 367 (13) x 10 8 kg-s 3 - K*

R 0

= €0

M5 3 ygi ey
M ioliba ylglys
M SoysSI 2y i8
sl sl

39Sl oy

NESESEIESC

09X P>

u.t.\'ﬂ ['.\P.)o-l_g

Syagy eqls

1S Sile eals
(93 03) il vl

0338 ggl sue

o 38 Slg wals

S9e pyz cali

eidgr el

e3der - lasal eoll




Theory Q 1 [ 1
persion (Iran)

(o303 1+) SLilKa 3o dlin g

Adlgsa sl 418 &ldj‘g'.\.} ;‘5‘.3 3 aS .y L,.|5 &Lm\_xgla.&b dliwn u_,} 4 u.o-b_)_g 3l Ja

(2303 ¥/8) oylgo Suas A, sy

9Ty ¢lad 4y o3ld Sugs \S.i 29> loral cpl 030 oy 33 S 3 4 By (&Lcu)l_b) s g7y glod 4 9 gldilguwl
b o U clvoseB 3l ol dlold g el (S ygoxa (il grwl ygma Dlilga @i B ygma oyl yooes oS oais giluls good @ hy calses
Jolis 0Bz JS pyx cenl py > py 318 JB2 5 py oz JB2 peled ]y B oS glayems dold ol jlusy (192 <lgzal

A M1y ol J31s 518 Sy o (192 <l

3 1y dilgtwl (e caaw yo ) IS adsy d)b)ﬂd.sd.)l.)lj.u's»b‘q{)‘,\gw a0y 69y JU iy (e dlatal idliwa HI isy ol 39
ol 4 sels a3l 18y 0wy glad S el o JS 5y @3 0 QLZ)KQ{,:SQADKJ o @ oacld 3l g conl cuay goy oS Al
Ao |y 5 oS

i ol 33 oai S5 ols glacasS y ogdle wauan polee glacasS caus y 1y Ulgs S s e drwlgs >y diwe dalsl s
253 polea algi 50 36 1y 5 slaceS

Tlvhlvplvp%M' (1)

@JQTMJmMMJMU‘)dQTQ,hQM'pu,adb

» A

r1 : Ir2|

—l I

I I

v
S g

L
| |

ol 31 (D g 00l caaw 3l dilgrnl glai (@ 1) S

D3 50 PL?"}'_'J)'-’J Sialeil dbold ol emi ey ail oS yome lgrwl (ylET ygma 31 C 0Biws IS p3> 3Sy0 dold b uusS o438
Bk S el @ Sl xS 518 ol Jaled el 53 B S e seo g mavse 318 oS aidy Bl 88l xbaus S g9y JU 31 Ty Slgal
o Gilazal g 3950 dilgzul (238 glo ltug! SKhol 4uS (238 35 O ¥ S Bilhae xhaw o 49l) B @ayol e A 1y s
231l &y il gl ¢ idle el o 530S (238 338 50 H1x8 waa Jaled Jove 5 sl pdaus ol cs @ a1l g sgase e S 3

lonsS exSelail by ol oS canl sais g 395 (T H95e Jo> ¢ sl



Theory [
persion (Iran)

S n

©

©

Sl s g9y Gl 1Y IS

08pt .auygl cews s O a4yl o @ aualy 1) sl 3o oa ool gl csaS w1 b el le A1

A5 polea @ 1y b aglgi e sy ay b ol 3l

sl o s ilgzal ¥ S

88l Jisla JU oS s yo |y dilgzal 418l oly -(“?JQT Cass aly S BT yomen b IS’ Wlgzwl Jlygs u3d Mlg}ua J&
elese oy ly ol o paS oo o8 ol dls 1 SasS apsly ol an by ol s ol 50 395 Ll yooma 31 ¥ IS Gl (i
Cewl T o393 b u.gg‘.ﬁ CAYEN §|)‘J p SBlysil augly ‘a,usu,a osalin

05pt  locuaS 90T s 31y g o) S ol yoon Joo dilgzal Slyes ad anla by eSy> gdblaa A2
o LBl S ayisan i Byl assls Sy Lo 33 A 38 S ot (1) Sl ys y3Ske

s 4 gl J>'|_\ oy Sags olf.)b 9 LD Olaswin A2 9 A1 k_;‘.asu,ux éLQ&_),SOjLU" ot 3l oslawl b Mb}u‘“ Lol 4o




Theory Q 1 -3
persion (Iran)

04pt JALAM‘QS.AALA‘A\J)LC MJQTMAQ(1)UJLCJJ)95M éwgbwyd§|y ke A3
il 35 9l emi A5 coud 33 b llg «S hy 97y lo couaS

0.7pt  Seo laz Oyle ol cns 4 (1) Silie 33 39530 slgaueS 9 coss 0 Ig Silses 3 gl Gbke A4
Al 3 el el AS cawd o b Lulg oS hy o7y gla caaS Jolas ol

11pt 415 e auyel caws @ (1) Sylee 33 y9Sin lgeuaS 9 T b w31y 75 9 By (39 7l 3 oulaal by A5
S5 Ol 38 Ty e 2y Dy

(2503 /8) B3> lns oKl B: sy

¢lad @ xS ot Fam (alad oyl (il WS o Saiy alid oBiugl Sy g woly il S jl 3lasl 4y oS cewl gay5ilas Q.wﬂ
$9 olagilad WS e sl laygilad gly grals Jul)S julusl Legi a3 Jisyz 9 0552 0 355 (i yae Jo> oS el R
Eadigd 5o e ol 2819 Q_,.’i.uiﬁ glase il g cewl 3 slad 0 Ztucyl 0133k 05lo Ay AS 0 ;5-‘—‘) edae Fa ol s ls 4

05Dt 1y s e 33 gy sl wolas ylad olayeilond U ainly yadin w,, sald ozunl glagoly cacss  B.1

S0y L@JTGS.\.«S.LLLQJA Iy oL u.i)).& étﬂsuﬁJlA_)T ?bul b oayls Qb)b u,uu.ﬂ (FYRRCTINY %)) t‘b“’)J =819 6&5&)&99.&.‘5&
Sylssaly lags w1y b@.’&.«ug).\.:.}uakc‘gti' b gsd alym glaadi 5y u-u.f,ﬂ)ls ol gl S e LS.\J)’ o slad 0Kty
las 1y 881 Olga 3o ylags (Sal g aiS oo ylugd gagac g 33 badd oai S3 a s

0.2pt (o) oy Db w238 Gillas oS LuS w3l el g ol slade 9 ol e (218 Olasn oS o (o8 L B2
Sl W 0By lugs glasgly aalug sl

0.6pt S w 0Kt Hlugs glasgly aoluy il slas oyl (o35 4y sdune oS Ludl aus ) B.3

S 50 ol el auayi slos yaT el 8 i0 3 390 Vb Lol aiS e (Saiy alad sl yu oS el sui crakre 395 ialal b el
esalos oo mayol Cuns s 35 gy el 3y pudl amed @lon ayol Olus a1y oun) 3l alold by (21,8 Clas a9y yudzn 51 51 Ly ax



Theory -4
persion (Iran)

las o Bl o S

08pt ol azgil g wyol cows @y a0 haws I b S>5S elaiyl gl gp(h) SadlS ol gly ke B4
o) glad (WS o cqliS as (o) syol cuss 4 0l 238 b Ly D 0Bty gas glangly soluy

SeS Gaigyeder el olygs il cwsl Ry

.J.zsu.a uuy1ﬁ&¢uu@ubw}eééum OLAQbx:“u)Jéy.é.fng_\jsk,ao.\QLimMTé@M6_)9.b4.1.24mb.3|)‘2\ Las 3l

03pt _osd o rie Opy dalug b w 0Bty ylugs dalug 5wl an udl (538 3 R slad oyl ¢ lais B.5
Apaiony Rp w331y Zealy $a9ds (S o) 53 ol 158

glaiyl @y 250 3158 51 ol sodia cpl @l e (e @ Ll 93398 g0 3 ealiisl oayl by el axaanlyy by carlaws 1 oS > 5o ]
AS o layly e g a9y 0 lad olf.uql;éSj[H

ot 33319 Fo goys xS s bl 1y (ucd 94385 69345 4 powga Fio g3loxa o3 S playgilad (B oy ozl Sa s
e s @y daly 5l aS e Sy il W gl gly el yls &S Gl Cenyle SH T e LS mps> 4

Fro=2mi x &, . )
Z&n|m&c¢)‘ﬁﬁw‘>£4§
Fo =2muw,, Sin ¢, 3)

Cews 0aceld 3l QT&.@;}Q Cenl 3988 (93 30 03 ey 9 (ly93 yema 3 9w Slaal :s'.‘“u‘ Olyed y9ma g ey 4._39]) @ adayly ol 5o
Aualil e slasd o lad dalsl o gl s cews @y el

TPt lygs 3Sy0 s 4 Y 3920 g 9 sl ly93 3920 33 3908 TY gambo F [ amio &S ol 233, B6
331y za 3 a9ae glualy 33 9 @y b @ o pyx dy B8] Ll 9 v, LEBT cee sl 0By
doneth 33 el SrgS T H gyl 0 (038 aS diulon a8 10 3395 3 0Bitun] S @ oS gladas)
Ay K H 38 (o35 yuoman ewl eyl pyn bohiu s 33 olaygiliad bugi sass g3Sojlail ol




Theory Q 1 [ 5
persion (Iran)

IS 238 31 3853 shewns s 30 iyl oS 335 o0 anad wS osaline gy Sader angt g 3l wsS @ 1y 395 By> oSSl gl Ll
Ay =0 Gy 3393 50 (0) 4 70 gk 99 Sy @ oS 3393 50 @8 oyl bl ol oyl pee 3o Lol 5350

13pt ~-\&l€&9§9J—.’|§dz:OQT§|):‘4547‘J9]MJ4J.C)%&L‘£")‘LS'):‘g‘:ﬁ—.!L".-\" B.7

oS sy las i Silegs 5 pudsa3eS 038 Sl i b A5 e o ol 38 e 58 4 0l 530S BB gl |y (S 55 T pudl
Bilho (ol alaii S gl a1y 338 glal 9 403 o0 st 1y adlisn adol ien ol yobhio cul 4 i oo (Sad) B sa 0Bis K 4o gl
Y slaly 33 GBS 18 ylusgi wS e oSy T oo slazal y3 L83 glalie gy SiShaol a9 wlalil oS san e gladl> 4 (0) JSio

el ol g yome 3 3gac g 0Bitunl BS g3lge iy 4uiS oS yob yled cdlio slazel g el

A

NSRRI > 10 IS

17Pt 1y o s s 23S oy = 0 9 = 0 Jolst abati 1 35 cyaly d 031001 @y |y 32 ) 00ty py> sl B.8
) i (sien 15 0 JS2) S0 Loy
S ael s @y el SzeS W d cuaS oS o] (238 L 1 y(t) 9 (t) Glghle s Faly *
S sWaiby0 1y yeea slasal g3 =Sy glyy 92385 s9545
A4S polaa JSi ys |y auals 2o )l pgo 05 gladan 44lS 9 auS @y |y (2(2), y(1)) spema *

s s dalsl lacos ol g w%ﬂ



Theory A 1 [ 1
persion (Iran)




Problem 1 : Solution/marking scheme — Two Problems in Mechanics (10
points)

Part A. The Hidden Disk (3.5 points)

A1l (0.8 pt) Find an expression for b as a function of the quantities (1), the angle ¢ and
the tilting angle © of the base.
Solution A1l: [0.8]
Geometric solution: use that torque with respect to point of contact is 0 = cen-
ter of gravity has to be vertically above point of contact.
D
sing = — 0.3
b
D
sin® = — 0.3
1
Here D may be called another name. Solve this:
in©
sing = Lsin@ = b= L0 0.2
b sin ¢
Alternative: Torque and forces with respect to another point: [0.8]
Correct equation for torque 0.3
Correct equation for force 0.3
Correct solution 0.2
A2 (0.5 pt) Find the equation of motion for ¢. Express the moment of inertia Ig of the
cylinder around its symmetry axis S in terms of 7', b and the known quantities (1). You
may assume that we are only disturbing the equilibrium position by a small amount so
that ¢ is always very small.
Solution A2: [0.5]
Write some equation of the form ¢ = —w?yp 0.1
Writing an equation of the form ¢ = A coswt is also correct.
Two solutions:
1. Kinetic energy: %Iggiﬂ and potential energy: —bMgcosp. Total energy is con-
served, and differentiation w.r.t. time gives the equation of motion.
2. Angular equation of motion from torque, 7 = Ig¢p = —Mgbsin ¢.
Correct equation (either energy conservation or torque equation of motion) 0.3
Final answer
Ig M gbT?
T=2my|—— = [g=——F— 0.1
™\ Mgb § T T4z




(Derivation:

_ bMg . bgM
=P =— Is sin @ ~ Ts
so that
o _ bgM
I

A3 (0.4 pt) Find an expression for the distance d as a function of b and the quantities
(1). You may also include o and hg as variables in your expression, as they will be
calculated in subtask A.5.

Solution A3:

Some version of the center of mass equation, e.g.

,_ M
- My + Mo

correct solution:

S M
whars(p2 — p1)

A4 (0.7 pt) Find an expression for the moment of inertia /g in terms of b and the known
quantities (1). You may also include ro and he as variables in your expression, as they
will be calculated in subtask A.5.

Solution A4:

correct answer for moment of inertia of homogeneous disk

1
I = §Fh1p1ril

Mass wrong
Factor 1/2 wrong in formula for moment of inertia of a disk
Correct answer for moment of inertia of ‘excess’ disk:
1

Ir = gmha(pz — p1)Ts

Using Steiner’s theorem:
Is = I + I + d*wr3ha(pa — p1)

correct solution:
b M?

1 1
IS = *7Th1p17”4+ *7Th2 P2 — pP1 T4+ 5,
2 1 2 ( ) 2 WT%hg(pg —pl)

[0.4]

0.2

0.2

[0.7]

0.2

-0.1
-0.1

0.2

0.1

0.2



In terms of d rather than b gives 0.1pts rather than 0.2pts for the final answer:

1 1
Is = §7i'h1/)17“i1 + §7Th2(p2 — p1)73 + d*mrsha(pa — p1)

A5 (1.1 pt) Using all the above results, write down an expression for hg and ry in terms
of b, T and the quantities (1). You may express hy as a function of 7.

Solution A5:

It is not clear how exactly students will attempt to solve this system of equations. It is
likely that they will use the following equation:

M = Wr%hlpl + TFT%hQ(pQ — pl) .

solve Ig for 73:

2 1 M?
2 4 42
RV gp— ( § 7 Qe M—nr%h1p1>
replace Ig by T
7 MgbT?
S =
472

solve correctly for rs:

2 bgT? 1 M2
= M ahpt
"2 \/M — mr?hipy < Arz g M — 7rihipy

write down an equation for hy along the lines of M = 7T7”%p1 hi+ WT%([)Q — p1)hg and solve
it correctly:

M — FT%plhl

hy = —5—L
7”’%(/)2 —p1)

Part B. Rotating Space Station (6.5 points)

B1 (0.5 pt) At what angular frequency wss does the space station rotate so that the
astronauts experience the same gravity gg as on the Earth’s surface?

Solution B1:

An equation for the centrifugal force along the lines of

F,.. = mw?r

0.1

[1.1]

0.3

0.4

0.1

0.1

0.2

[0.5]

0.1



Balancing the forces, correct equation
9E = wgsR

Correct solution
Wss = gE/R

B2 (0.2 pt) Assuming that on Earth gravity is constant with acceleration gp, what
would be the angular oscillation frequency wg that a person on Earth would measure?

Solution B2:

Realize that result is independent of gg

Correct result:

wg =Vk/m

B3 (0.6 pt) What angular oscillation frequency w does Alice measure on the space
station?

Solution B3:

some version of the correct equation for force
F = —kz + mw? .z

getting the sign right

F = —kr +mwia

Find correct differential equation

mi + (k — mwl)x =0

Derive correct result
w=+k/m— w2

Using gr/R instead of w? is also correct.

B4 (0.8 pt) Derive an expression of the gravity gg(h) for small heights h above the
surface of the Earth and compute the oscillation frequency @g (linear approximation is
enough). The radius of the Earth is given by Rp.

0.2

0.2

[0.2]

0.1

0.1

[0.6]

0.2

0.2

0.1

0.1



Solution B4:

gp(h) = —GM/(Rg + h)?
linear approximation of gravity:

GM GM

h)=——5 +2h——+...

Realize that gp = GM/RQE:
ge(h) = —gp + 2hge/RE + . ..

Opposite sign is also correct, as long as it is opposite in both terms.
Realize what this means for force, i.e. that the constant term can be eliminated by shifting
the equilibrium point:

F = —kx +2zxmgr/REg

Find correct differential equation
ma + (k — 2mgp/Rg)x =0

correct result

L«NJE = \/k/m—2gE/RE

No points are deducted if student answers with @g/(27) because "oscillation frequency”
might also be interpreted as inverse period.

B5 (0.3 pt) For what radius R of the space station does the oscillation frequency w
match the oscillation frequency wg on the surface of the Earth? Express your answer in
terms of Rg.

Solution B5:

Write down equation
w2, =2gp/RE

Solve
R = Rg/2

If GM/RQE rather than gg is used, give only 0. Ipt.

B6 (1.1 pt) Calculate the horizontal velocity v, and the horizontal displacement d,
(relative to the base of the tower, in the direction perpendicular to the tower) of the mass
at the moment it hits the floor. You may assume that the height H of the tower is small,
so that the acceleration as measured by the astronauts is constant during the fall. Also,
you may assume that d, < H.

[0.8]

0.1

0.2

0.1

0.2

0.1

0.1

[0.3]

0.1

0.2



Solution B6:

There are several possible solutions.
Solution one — Using Coriolis force

e Velocity v,
Equation for Coriolis force with correct velocity:
Fo(t) = 2mw?, Rtwys = 2mw?, Rt
Integrate this, or realize that it is like uniform acceleration for the velocity:
v, (t) = w3, Rt

plug in correct value for
t=+/2H/w:R

overall correct result

Uy = 2H wgy
e The displacement d,:
Integrate v, (t):
dy = %Rw;’;t?’

Instead of integrating, students may simply ‘average’ by taking % of the final
velocity. This gives a factor of % instead of % Deduct a total of 0.1 pts for this.

Plug in value for ¢

1. . 1 5/g. 1 /8H?3
d, = - R 3 VH /> R 3/2 _ *25/2H3/2R_1/2 _ \/>
‘ 3 wss( /wss ) 3 3 7R

Solution two — Using inertial frame This solution is similar to the way to solve B7,
but needs more complicated approximations than Solution one.
® U,

Here ¢ denotes the angle swept by the mass and « the angle the astronauts (and
tower) has rotated when the mass lands on the floor, see

Initially the velocity of the mass in an inertial frame is v, = wgs(R — H).

When the mass lands, the z-direction has been rotated by ¢ so the new horizontal
velocity component is then

wss(R — H) cos ¢

(Student may also write cos «v instead of cos ¢, since d, < H.)

R R
Transforming to the rotating reference frame, one needs to subtract wssR.

Finally in the reference frame of the astronauts

H\? H
Vp = Wes R (1 — R) — wss R~ wss R (1 — 2R> —wssR = —2wss H

The sign of the velocity depend on the choice of reference direction, so a positive
sign is also correct.

[1.1]

0.1

0.2

0.2

0.1

0.3

-0.1

0.2

0.1

0.1

0.1

0.1

0.2



° d,

With the notation from the calculation of v,

d; = (a— )R
H
= 3 ]_ _——
10) arccos( R)
Q= Wgst

where ¢ is the fall time of the mass, which is given by

L R?—-(R—H)?
 we(R—H)
(see solution to BT)
Writing £ = H/R this means
1—(1-¢)?2
dy = 1(50 —arccos(1 — &) | R

which is a valid end answer to the problem. It is possible, but not necessary, to
approximate this for small &:

arccos(l — &) ~ /2 <1 + 1£2>
which after insertion into the equation for d, and approximation of small £ yields
the same result as in Solution one:

2 [2H3
A
3V R

If this end answer misses the factor 2/3, deduct 0.1 points.

0.1

0.1

0.3

-0.1

Solution three — Inertial frame with geometry trick

This is an alternative solution to obtain d,

The mass travels the distance [, and during the fall the space station rotates by ¢, see
Figure 2. According to the intersecting chord theorem,

I?=H(2R - H)

The rotated angle is ¢ = wsst where

R—H
is the fall time. Thus
5 VHRR _H)
~ R-H
d l H(2R-H
R=9- arcsin = Jg—H) — arcsin \/z(2 — x)




”

Figure 1: Notation for solution two

Figure 2: Notation for solution three.

Denote = H/R and y = \/z(2 — x). Since

Y3
arcsiny ~ y + =—
6
one gets
d 2 [2H3
i y(14+2) —y—33/6 = y(x — y?/6) ~ 2xy/3 ~ 20V2x/3 = 5” =

Final answer

B7 (1.3 pt) Find a lower bound for the height of the tower for which it can happen that
d, = 0.

Solution BT:

The key is to use a non-rotating frame of reference. If the mass is released close enough

0.1

[1.3]



to the center, its linear velocity will be small enough for the space station to rotate more
than 27 before it hits the ground.
The velocity is given by

v =wss(R—H)

distance d that the mass flies before hitting the space station
d>=R?>—-(R— H)?
use non-rotating frame of reference to obtain time ¢ until impact

RT—(R—H)
wss(R—H)

t=d/v=

Now there are several possible ways to relate H and the rotated angle ¢ of the space
station:
Solution one

‘ Rsin ¢
N wss R cos ¢

This time must match ¢ = ¢/wss. Obtain the equation
¢ = tan ¢

Realizing that there is an infinite number of solutions.
This equation has one trivial solution ¢ = 0, next solution is slightly less than 37 /2 which
corresponds to the case H > R (and is thus not correct). The one that gives a lower
bound for H is the third solution

¢~ b /2
The equation ¢ = tan ¢ can be solved graphically or numerically to obtain a close value
(¢ = 7.725 rad) which means

H/R = (1—cos¢) ~ 0.871

Give points if the method is correct, depending on the value of H/R found, according to
these intervals:

0.85 < H/R < 0.88: 0.4 pts

0.5 < H/R < 0.85: 0.3 pts

0<H/R<0.50r H>0.88: 0.2 pts

H = 0 or method is incorrect: 0 pts

Solution two
relation between H and rotated angle ¢
R-—H
R

= cos ¢
obtain equation of the form

H <\/1—(1—H/R)2>

g R
R o8 1- H/R

Nieee
11—z

solution for the second intersection. The first intersection is discarded — it is introduced
because of cos ¢ = cos(—¢) and corresponds to a situation with H > R.
Realizing that there is an infinite number of solutions.

Figure 3 gives a plot of f(x) =1 — cos < . The goal is to find an approximate

0.1
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0.1

0.2

0.2
0.2
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0.2
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Figure 4: Plot of g(z) and =

e introduce new variable x := 1 — H/R, so that the equation becomes
x =cos(\V1—22/z) =: g(x)

e g(x) is then smaller than z up to the first solution. In particular it is negative in
some region (see figure 4). Finding the third zero thus gives a lower bound for the
solution:

e give lower bound
w=1/\/2572/d+ 1= H = R(1 —1/\/2572/4 + 1) ~ 0.874
Note: the actual result is H/R = 0.871....

Use the same points for the numerical answer as was mentioned in solution one.

If the student plots f rather than g, find solution to f = 1: is equivalent to the
solution above. Give same number of points.

It is also possible to use cos (7@;:&) = sin(1/z).

B8 (1.7 pt) Alice pulls the mass a distance d downwards from the equilibrium point
x =0,y =0, and then lets it go (see figure 4).

10



e Give an algebraic expression of z(t) and y(t). You may assume that wgsd is small.

e Sketch the trajectory (x(t), y(t)), marking all important features such as amplitude.

Solution B8:

Note: we did not specify the overall sign of the Coriolis force. Give same amount
of points if using opposite convention, but it has to be consistent! Otherwise: subtract
0.1pt for each instance of inconsistency.

Students are allowed to express everything in terms of w, they don’t need to write
V k/m — w2, explicitly. Deduct 0.1pt however if they use k/m instead of w..

Realize that y(t) is standard harmonic oscillation:
y(t) = Acoswt + B
Give correct constants from initial conditions
y(t) = —dcoswt

Correct expression for vy (t):
vy(t) = —dwsinwt

Coriolis force in z-direction
Fo(t) = 2mwssvy(t) = —2mwgsdw sinwt

Realize that this implies that x(¢) is also a harmonic oscillation. . .
... but with a constant movement term superimposed: vt

getting the correct amplitude:
2wgsd

w

A=

Correct answer with correct initial conditions:

2wgsd
x(t) = "

sin wt — 2wgedt
Sketch:

B

N
N4

11

[1.7]

-0.1

-0.1
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Correct qualitative sketch:
periodic motion

overall constant movement
B): cusps
And additionally correct quantitative sketch:

A)+B): peaks and cusps are at y = +d

drwgsd

C): cusps are at distance Az = from each other

12
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Problem 2 : Solution/marking scheme — Nonlinear Dynamics in Electric Circuits
(10 points)

Part A. Stationary states and instabilities (3 points)

Solution A1l: [0.4]

By looking at the I — V' graph, we obtain

Rog = 10.092, 0.1
Ron = 1.009Q, 0.1
Ry = 2.0092, 0.1

Iy = 6.00 A. 0.1

Note: No penalty for the number of digits in this question

Solution A2: [1]

Kirchoff law for the circuit (U is the voltage of the bistable element):

E=IR+U 0.1

This yields
E-U
[I=—- 0.1
R

Hence, stationary states of the circuit are intersections of the line defined by this equation
and the I — V graph of X. 0.2
For R = 3.00€2, one always gets exactly one intersection. 0.2
For R =1.0012, one gets 1, 2 or 3 intersections depending on the value of £. 0.4

The following table summarizes the number of points granted for possible answers to the
last subquestion with R = 1.00 2:

Possible answer H 1 ‘ 2 ‘
Points [o]o]o.

3113[1,2]23]123
2103 0]02] 04

Solution A3: [0.6]

The stationary state is on the intermediate branch, one can thus use the corresponding
equation: 0.2




E— RintIO

Istationary = W 0.1
— Llint

= 3.004 0.1

Ustationary = Rint (IO - I) 0.1

= 6.00V 0.1

Ezxtra (non-physical) stationary states on the switched on and/or switched off branches
lead to a penalty of 0.2 point.

Solution A4: [1]

Any correct modeling such as the following;: 0.5
The Kirchoff law for the circuit reads

dl dl
E=IR+Ux+L— =1IR+ (Ip—I)Rint + L—
dt dt
This implies
dl
LE =& — IpRins — (R — Ring)I

The separation between two cases is of importance, especially because of the relative sign
of dI/dt:

If I > Istationary, We have dI /dt < 0 and I decreases. 0.2
If I < Igtationary, we have dI/dt > 0 and I increases. 0.2
Note: Formulas with time derivatives are not essential, any other correct justification is
accepted.

We conclude that the stationary state is stable. 0.1

Note: The checkbox gives 0.1 points if “stable” is checked, regardless of the previous rea-
soning (also if there is nothing). A wrong reasoning leading to check the “unstable” option
doesn’t however give any point for the checkboz.

Part B. Bistable non-linear elements in physics and engineering: radio transmitter (5 points)

Solution B1: [1.8]

A correctly drawn cycle gives 1.2 points, distributed as follows:

e Switched on branch is part of the cycle 0.2
e Switched off branch is part of the cycle 0.2
e Jumps are vertical (constant U) 0.2
e Jumps are positioned at Uy, and Uy 0.2
e The system moves to the left on the switched on branch 0.2




e The system moves to the right on the switched off branch

Each of the following observations individually gives up to 0.2 points, but their total
cannot exceed 0.6:

e U constant during jumps because the charge on the capacitor cannot change in-
stantaneously

e The intermediate branch cannot be part of the cycle because there is a stationary
state on it

e Jumps occur at corners of the IV graph because at those points the system has
nowhere else to go

e The system moves moves to the left on the switched on branch because it approaches
the stable stationary state (which is located outside the IV graph), or argument with
the Kirchoff law

e The system moves moves to the right on the switched off branch because it ap-
proaches the stable stationary state (which is located outside the IV graph), or
argument with the Kirchoff law

=
>
7

5 oscillation
cxcle

Solution B2:

Since the non-linear element is oscillating between the switched on and switched
off branches we can put Ux = R,y oflx. On either of the branches, the circuit behaves
as a standard RC-circuit with conductance C and resistance Ry /o R/ (Ron/off + 1) (the
resistor and the element X being connected in parallel). Another way to express it is to

0.2

0.2

0.2

0.2

0.2

0.2

[1.9]

0.5



write the Kirchhoff law for the switched on and switched off branches

dIx

g : — =& — (R - )
Ron/oﬁRC dt & (Ron/oﬁ + R) X
The time constant of the circuit is
Ron/ofFR
Ron/off +R

If the branch in question (switched on or switched off) extended indefinitely, after a long
time the system would have landed in a stationary state with the voltage

Ron/off
U =—=E.
on/off Ron/off TR

Then, the time dependence of the voltage drop on the non-linear element is a sum of the
constant term Uy, /o and of the exponentially decaying term:

R 0 R 0 _R011/off+R
)= o (Vi — g )

There are 0.5 points distributed as follow for Ux (t):
e Correct exponential
e Correct constant term (¢t — 00)
e Correct coefficient in front of the exponential
e Correct equation for Ux ()

Time spent by the system on the switched on branch during one cycle:

ton=—"—=C1
°8 Uh _Uon

RonR Uth - Uon
Ron + R

) =241-107%s,

Time spent by the system on the switched off branch during one cycle:

R.gR C log ( Ustt — Un

fop = —T Zoff T b
ft Roff + R UOH - Uth

) =3.71-10"Cs.
The total period of oscillations:
T =ton+to =6.12-107C s

Note: Correct final answers give full points. One may earn points for intermediate steps
(see above) for partial answers.

Solution B3:

Neglect the energy consumed on the switched off branch. The energy consumed

0.2
0.1
0.1

0.1

0.4

0.4

0.1

[0.7]



on the switched on branch during the cycle is estimated by

o 1 <Uh+Uth

2
ton = 1.18 - 1074 J
Ron 2 ) ©

For the power, this gives an estimate of
E
P~—==19.3W.
T

Note:
o Formula + answer inside 5W < P < 50W give full points

o Formula + answer outside the range above but inside 1W < P < 100W give 0.5
points

e answer outside range but good formula gives 0.4 points

Also, the proposed formula is only an example, any other reasonable approrimation of the
integral of the upper branch should be accepted.

Solution B4:

The wave length of the radio signal is given by A = ¢T' = 1.82 - 10% m.

The optimal length of the antenna is A/4 (or 3\/4,5\/4 etc.)

The only choice which is below 1km is s = A/4 = 459 m.

Note: The correct answer s = \/4 = 459 m gives full points, and the mistake s = \/2 =
918 m only 0.4 pts.

Part C. Bistable non-linear elements in biology: neuristor (2 points)

Solution C1:

For € = 12.0V, the steady state of the system is located on the switched off

branch:
Roff

R+ Rog
When the voltage is increased to £ = 15.0V, the system starts moving to the right along
the switched off branch (in the same way it did in task B).

If the voltage drops again before the system reaches the threshold voltage, it will simply
return to the stationary state.

If system reaches the threshold voltage, it will jump to the switched on branch, and it
will make one oscillations (since 7 < T') before the voltage drops again and it returns to
the stationary state.

U= E=0923V.

0.4

0.3

[0.6]
0.2

0.3
0.1

[1.2]
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Solution C2:

The time needed to reach the threshold voltage is given by

RogR Ut — U .
crit — Cl —_— =9.36-10 .
Terit Rog + R Og<Uoﬂ_Uth> ’

Note: This is the same formula as for t.g in task B2, with Uy, replaced by U.
e Correct time constant
e Correct choice of voltages
e Correct final formula
e Correct numerical value

Note: Correct final answers give full points. One may earn points for intermediate steps
(see above) for partial answers.

Solution C3:

Since T > 7Tuit, the system will make one oscillation. We conclude that the sys-
tem is a neuristor.

Note: 0.2 are given only if “Yes” is checked, regardless of the development of the other
tasks.

[0.6]
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Problem 3 : Solution/marking scheme — Large Hadron Collider (10 points)

Part A. LHC Accelerator (6 points)

A1 (0.7 pt) Find the exact expression for the final velocity v of the protons as a function
of the accelerating voltage V', and fundamental constants.

Solution A1l:

Conservation of energy:

2 _ 2
my-c+V-e=my-c-vy=

Penalties

Solve for velocity:

2
my - C

V1—0v%/c?

No or incorrect total energy

Missing

rest mass

without proton rest mass:

Solve for velocity:

Classical solution:

[0.7]

0.5

-0.2

0.2

[0.5]

0.3

0.2

[0.2]

0.2



A2 (0.8 pt) For particles with high energy and low rest mass the relative deviation
A = (¢—w)/c of the final velocity v from the speed of light is very small. Find a suitable
approximation for A and calculate A for electrons with an energy of 60.0 GeV.

Solution A2:

velocity (from previous question):

2 2 2\ 2
me-c2+V-e V-e

relative difference:

A:C_U:I—g
c
A 1 Me - 2 2 1 /me-c? 2
~ | — or —
2\me-c2+V-e 2\ V-e
relative difference
A=363-10"1

classical solution gives no points

[0.8]

0.1

0.1

0.4

0.2

0.0



A3 (1.0 pt) Derive an expression for the uniform magnetic flux density B necessary to
keep the proton beam on a circular track. The expression should only contain the energy
of the protons FE, the circumference L, fundamental constants and numbers. You may
use suitable approximations if their effect is smaller than the precision given by the least
number of significant digits. Calculate the magnetic flux density B for a proton energy
of E =7.00 TeV.

Solution A3:

Balance of forces: ) )
Yemy v My - U
p = p :e.U.B

T / 2

In case of a mistake, partial points can be given for intermediate steps (up to max 0.2).
Examples:

Example: Lorentz force
. C 2
Example: T mpt v
r
Energy:
E=(y-1)my @ =yomy oy = —
P o P myc?
Therefore: £
5 v e-B
ct-r
With
~ d r=—
v~c and r o
follows: o |
7'(' .
— B =
e-c-L
Solution:
B =5.50T

Penalty for < 2 or > 4 significant digits
Calculation without approximations is also correct but does not give more points

2T - My - C E 2 m-c2\?
et (GEa) - ()

Penalty for each algebraic mistake

Classical calulation gives completely wrong result and maximum 0.3 pt

[1.0]

0.3

0.1

0.1

0.3

0.2

0.2
-0.1

0.5

[0.3]

0.1

0.1



B =0.0901T

Penalty for < 2 or > 4 significant digits

0.1
-0.1



A4 (1.0 pt) An accelerated charged particle radiates energy in the form of electromag-
netic waves. The radiated power P,,q of a charged particle that circulates with a constant
angular velocity depends only on its acceleration a, its charge ¢, the speed of light ¢ and
the permittivity of free space ¢g. Use a dimensional analysis to find an expression for the
radiated power Pj.q.

Solution A4:

Ansatz:

J
Prad:aa'qﬁ'cfy'e()

Dimensions: [a]=ms~2, [q]=C=As, [c]=ms™},[eo]=As(Vm) ! =A2%s?(Nm?) "1 =A2%s*(kgm?)~

All dimensions correct
Three dimensions correct

Two dimensions correct

if dimensions: N and Coulomb [eg]= C?(Nm?)~!

m® o m” 20 N-m
g2a g7 N9 .m20 - S

From this follows:
Ni—»d=-1, C:»p+2-6=0, m:m»a+y—20=1, s:=>2-a+y=1

Two equations correct

And therefore:
—»a=2,=2,y=-3,0 =—-1

if dimensions: N and As [eg]=A2s?(Nm?)~!

q2a g7 NO.m20 S

m® 5 B mY A20.g2 N -m
.S —

From this follows:
N:—=6=-1, A:»p420=0, m:—ma+vy—-20=1, s:— —-2-a+8—v+20=-1

Two equations correct

And therefore:
—»a=2,=2,y=-3,0=-1

if dimensions: kg and As [eg]=A%s*(kg- m?)~!

A20 . 40 2

m* s 8 0 kg -m

SQa

[1.0]

0.2

0.3
0.2
0.1

0.1

0.2

0.1

0.1

0.1

0.2

0.1

0.1

0.1



From this follows:
kg:—»d0=-1, A:—»p+20=0, m:—»a+v—-30=2, s:— —2-a+pf—~v+46=-3

Two equations correct

And therefore:
—»a=2,p=2,vy=-3,0=-1

Radiated Power:
a? - g2

A3 e

Prag

Other solutions with other units are possible and are accepted
No solution but realise that unit of charge must vanish g = 2§

0.2

0.1

0.1

0.1

0.2



A5 (1.0 pt) Calculate the total radiated power Py, of the LHC for a proton energy of
E =17.00 TeV (Note table 1). You may use appropriate approximations.

Solution A5:

Radiated Power:

4 2 2
¥t -a”-e
Prod = [
T-C” €
Energy:
E=(y—1)m,-c orequally valid E ~~-m,-c?
Acceleration:
2 L
a~— with r= —
T 2T
Therefore:

FE e c FE e.c
Pog=(—s +1)4 —— 4
rad (’I?’LpC2 + ) e - r2 r (

(not required P,qq = 7.94 - 107 12W)

mpc?’  6meg - 12

Total radiated power:
Pt = 2-2808-1.15- 10" - P,y = 5.13kW

penalty for missing factor 2 (for the two beams): -0.1
penalty for wrong numbers 2808 and/or 1.15 - 10! (numbers come from table 1): -0.1

[1.0]

0.1

0.2

0.2

0.3

0.2

-0.1
-0.1



A6 (1.5 pt) Determine the time 7' that the protons need to pass through this field.

Solution A6:

2nd Newton’s law

F = @ leads to
dt
Vcée _ pf;pi Withpi —0

Conservation of energy:

Since

T = 218ns

Alternative solution
2nd Newton’s law

F = @ leads to
dt

Ve —-Di .
7 :prvamthpl-:O

velocity from A1l or from conservation of energy

and hence for ~

T = 218ns

Alternative solution: integrate time

[1.5]

0.2

0.3

0.2

0.2

0.2

0.3

0.1

[1.5]
0.2

0.3

0.2

0.2

0.2

0.3

0.1

[1.5]



Energy increases linearly with distance x

my - ¢ ’ \/(mp ¢+ EFE)" — (my c?)’
U(x) =c 1- L V- =c- V-
my - ¢ + S5 L my - 2 + <5
2
O+ )
= C-
1+d€m‘29;2

Substitution : £ = c-V.w e _ eV

d-mp-c2 dr  d-my-c2

11 d-my - -V
e +§2 M ¢ e b=
0 V(1+82-1 eV my - ¢

1+ & := cosh(s) e _ sinh(s)

ds

B mp c- d/cosh - sinh( )d mp'c.d[sinh(s)]bQ
- .

\/ cosh?(s) eV

with by = cosh™(1), by = cosh™ (1 + & 4 )

my - 2
T = 218ns
Alternative: differential equation
dp
F=_r
dt
’U2 ’1)2
_>Ve d m-v ma< —C—2>—|—mac—2 3
- = = m-a
d dt 2 < L 3 7
C c2

Ansatz : s(t) = Vi%2-t?> 4+ k — | with boundary conditions s(0) = 0,v(0) =0

— s(t) = (\/62 V2.24+c¢2-m?-d%— -m'd>

V e

2
s=d—T= d \/(V e> +2V-.e-m
V.e c

T = 218ns

0.2

0.2

0.2

0.2

0.2

0.1

0.2

0.1

0.1

[1.5]

0.2

0.4

0.3
0.1
0.2

0.2

0.1



classical solution:

F = —— — acceleration ¢ = — =

And hence for the time

V-e

d

1
d==-a-T?> -

T =
2
2-m
T=d- -
V.e
T = 194ns

mp

2d

a

V-e
my - d

10

[0.4]

0.1

0.1

0.1

0.1



Part B. Particle identification (4 points)

B1 (0.8 pt) Express the particle rest mass m in terms of the momentum p, the flight
length [ and the flight time ¢ assuming that the particles with elementary charge e travel
with velocity close to ¢ on straight tracks in the ToF detector and that it travels perpen-
dicular to the two detection planes (see Figure 2).

Solution B1:

with velocity

l
v = -
t
relativistic momentum
m-v
p =
2
-z
gets
m -
b= —Fr/—————
2
toy/1— 7
— mass
p-t B _ v raE
_rt — Y222
m l t2.¢2 .c ¢
Alternative

with flight distance: [, flight time t gets:

t =

relativistic momentum

therefore the velocity:

p
B = S22 1 2
m*-c*+p
insert into the expression for t:
/m2 - 2 + p2
P AL

— Imass:

non-relativistic solution:
flight time: ¢t = [ /v velocity:

this solution gives no points

[0.8]

0.1

0.2

0.2

0.3

[0.8]

0.1

0.2

0.2

0.3

[0.0]

0.0



B2 (0.7 pt) Calculate the minimal length of a ToF detector that allows to safely distin-
guish a charged kaon from a charged pion given both their momenta are measured to be
1.00 GeV /c. For a good separation it is required that the difference in the time-of-flight
is larger than three times the time resolution of the detector. The typical resolution of a
ToF detector is 150 ps (1 ps = 10712 s).

Solution B2:

Flight time difference between kaon and pion
At = 450ps = 450 - 10725

Flight time difference between kaon and pion

!
At=—(y/m2 2+ p?— \/m) = 450ps = 450 - 10~ "%s
cp

At -
— 1= P
/m%( +p2/c2 — \/m2 + p2/c2

\/W = 1.115 GeV/c?andy/m2 + p2/c? = 1.010 GeV /¢?

1
1.115 - 1.010

[ =4285.710"2s - ¢ = 4285.7- 10712 - 2.998 - 10°m = 1.28m

1 =450-10"12. s GeVe?/(GeVe)

Penalty for < 2 or > 4 significant digits

Non-relativistic solution:

Flight time difference between kaon and pion

l
At = —(my —my) = 450ps = 450 - 107125
p

length:

j__ Atp 450 10725 - 1GeV /c
 mg —mn (0.498 — 0.135)GeV /2

1 =450-10"'2/0.363 - cs = 450 - 107'2/0.363 - 2.998 - 10°m
1 =3716-10"*m = 0.372m

Penalty for < 2 or > 4 significant digits

12

[0.7]

0.1

0.2

0.2

0.1

0.1
-0.1

[0.3]

0.1

0.1

0.1
-0.1



B3 (1.7 pt) Express the particle mass as a function of the magnetic flux density B, the
radius R of the ToF tube, fundamental constants and the measured quantities: radius r
of the track and time-of-flight ¢.

Solution B3:

Particle is travelling perpendicular to the beam line hence the track length is given by
the length of the arc

Lorentz force — transverse momentum, since there is no longitudinal momentum, the
momentum is the same as the transverse momentum

Use formula from B1 to calculate the mass

track length: length of arc

l:2'r-ausini

penalty for just taking a straight track (I = R)

partial points for intermediate steps, maximum 0.4

Lorentz force )
-m -
’Yit:e'vt-B%pT:r-ﬂB
r

partial points for intermediate steps, maximum 0.3
longitudinal momentum=0 — p = pr

momentum
p=e-r-B

we (e (e - ()

partial points for intermediate steps, maximum 0.5

Non-relativistic: track length: length of arc
l=2-r asin—
r-asing—
penalty for just taking a straight track (I = R)

partial points for intermediate steps, maximum 0.4

-t e-T‘B-t_ e-B-t

m = — =
! 2r - asin £ &
2r 2r

2 - asin

partial points for intermediate steps, maximum 0.3

13

[1.7]

0.5

-0.4

0.4

0.1

0.1

0.6

[0.9]

0.5

0.4



B4 (0.8 pt) Identify the four particles by calculating their mass.

Particle H Radius r [m] ‘ Time of flight |ns|

A 5.10 20

B 2.94 14

C 6.06 18

D 2.32 25

Solution B4:

Particle arc p p pt/1 pt/1 pt/1 Mass  Mass
m] | [MV] o [mRay | [MeVs) o [MeV) o [lg) | [MEV] kgl
1079 | 107 1027 1027
A 3.786 | 764.47 4.0855 | 4.038 1210.6 2.158 | 938.65 1.673
B 4.002 | 440.69 2.3552 1.542 462.2 0.824 | 139.32 0.248
C 3.760 | 908.37 4.8546 | 4.349 1303.7 2.324 | 935.10 1.667
D 4283 | 347.76 1.8585 | 2.030 608.6 1.085 | 499.44 0.890

Particles A and C are protons, B is a Pion and D a Kaon
correct mass and identification: per particle
penalty for correct mass but no or wrong identification for 1 or 2 particles
penalty for correct mass but no or wrong identification for 3 or 4 particles
wrong mass, correct momentum:per particle

wrong momentum, correct arc for 3 or 4 particles
wrong momentum, correct arc for 1 or 2 particles

non relativistic solution m = pt/l Particle identification is not possible

Particle || arc P D m=p-t/l m=p-t/l m=p-t/l
m] | (M [mRe [Ree] [MEE [ke)
10-19 1076 10-%7
A 3.786 | 764.47 4.0855 4.038 1210.6 2.158
B 4.010 | 440.69 2.3552 1.542 462.2 0.824
C 3.760 | 908.37 4.8546 4.349 1303.7 2.324
D 4.283 | 347.76 1.8585 2.030 608.6 1.085

correct mass or correct momentum: per particle
wrong momentum, correct arc for 3 or 4 particles
wrong momentum, correct arc for 1 or 2 particles

14

[0.8]

0.2
-0.1
-0.2
0.1
0.2
0.1

[0.4]

0.1
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