PHY 251 Fall 2009: homework problem set 4, due in the PHY 2% diox in room A-129 by
noon on Friday, Oct. 9.

1. Do Serway problem 4.2 on p. 146. This problem illustratew klectrochemistry experi-
ments already gave some idea about the discrete charge @ftiieon, once you believe in
discrete atoms and know Avogadro’s number!

Answer: Copper sulfate involves Gd and SQ?, so there are two valence electrons per
atom. We then find that the fraction of a mole is
(1 Cl/seq - (3600 seq
(96,500 C/mol) - 2

The number of coppper atoms deposited is then
(0.0187 mol) - (6.02 x 10?* atoms/moj = 1.13 x 10%,

= 0.0187 mol.

the weight of a copper atom is
1.185 x 1072 kg
1.13 x 10?2 atoms
and the molar mass of copper is
1.1859
0.0187 mol
which is about right (of course they gave us numbers that dvaolrk out!).

= 1.05 x 107 kg,

= 63.4 g/mol

2. Do Serway problem 4.3.
Answer: In the apparatus, we have

\% Awv,

fo= g =y
and we also have, = ¢/At or At = ¢/v,. Therefore we can write
Ay = VAL _aV L
Y md  mdv,

We can then figure out the angle

v qV'/l g dvitanf
tanf = -2 = o) ==
an v,  mdv? m Ve

Now from the magnetic field cancelling the electric field wea say
qV 1% 2000
—_ = B = — =
g AP S0 T R T 5T x 102 0.02

which means relativistic effects are small-€ 1.000 027). We can also substitute this result
for velocity into our expression fay/m:

=2.19 x 10 m/s

g d V2 1% 2000 -

m = viEe ™= gm0 = 5107002 (457 x 10-2) n(0-2) = 973107 Chg
A proton hasy/m = 1.6 x 10719/1.67 x 1072" = 9.7 x 107 so it seems like we have a good
candidate. .



3. Do Serway problem 4.4.
Answer: The electric field the electron experiences when it traveta/ben the two plates is
E, =V/d, and the acceleration it experiences is: F'/m = qE/m = ¢V /(md). Since we
expectv, < v,, we can say that the time that the electron experiences ¢th&exation is
At = (/v,. Consequently the electron receives a velocity kick ingtladérection of

qvV !
—a At=1_ .
Yy = Yy md v,
so that its anglé leaving the field region i8 = v, /v, = y»/D (the latter by geometry in
the small angle limit) or
p—2_ Y _ vt
D v, mduv?

which can be solved fay, to give

_qV D¢

b2 mdv?

We can calculatg, from the distance traveled under constant acceleration or

1 gV 4

1 2 1qV qV 1?
= ga(At)T =g ol

T 2mdv?

)2

v2
Now sincey = y; + y, we have

qV 12 gV Dt q VI
= = =—=—(D+/¢/2
Y nit 2mdv? * mdv:  m dvz( +4/2)

T

q ydv?

m  VID+)2)

4. Rutherford scattering involves particles being electrostatically repelled by the nucleus
so that the scattering obeys thén ¢/2)~* trend. However, when particles get closer than
a certain distance from the nucleus, they can be affectedublear forces instead. It is
found that when particles scatter off of a tungsten foil that they depantfithe Rutherford
scattering angle at energies above 42 MeV. Use this infooma&b estimate the size of the
tungsten nucleus.
Answer: The electrostatic force i8' = kq,q./r* so the work needed to bring the charge of
anq particle from infinitely far away to a distanegrom the nucleus is

oo o~ 1 -1
W = / Fdr = kQ1Q2/ ﬁdrl = kqiq2 (7) |$O
1 —W_%%l

" [__-_-__ — .
s 00 r 4meg 1

When this equals the kinetic energy, the particle will stod &urn around or be deflected
to the side, and Rutherford’s expression (which is baseslysoh Coulomb repulsion) will

hold. If instead the particle experiences some other fancé as a nuclear binding force at
this distance, then there will be deviations from Rutheffolaw. So, what we want to do is



to set the energy calculated above to be equal to the kineigg £, of the « particle and
solve for the distance:

1
E, = 192 1

4meg 1

. G142 :(26)(26)

4meg B, 4meg B,

274 (1.602 x 107192 s
_ — 5.1 x 10715 meters
A - 8.85 x 10-12 - (42 x 105 eV) - (1.602 x 10~ J/eV) 8

where we have been careful to use mks units throughout tongatswer in mks units.

. Construct an energy level diagram for the ground statetantirst two excited states of the
Li2* ion (lithium with two electrons removed). Calculate the fitowavelengths associated
with all possible transitions between these states (fadlud you who know about selection
rules, ignore them for this problem).

Answer: A Li%* ion might start out life as a Li atom witll = 3 protons in its nucleus
and 3 electrons; take one electron away and you have singiyed lithium or Li", and
take two away and you have doubly ionized lithium of*Li You are then back to a pretty
accurate picture from the Bohr model, because you have nesetectron to worry about.
The energies are given by

Z? 32
n n

or £y = —122.4 eV for the ground statey, = —30.6 eV for the first excited state, arity =
—13.6 eV for the second excited state. The transitions are 122.8=31.8 eV corresponding
toA = 13.50 nm, 122.4-13.6=108.8 eV corresponding\te- 11.40 nm, and 30.6-13.6=17.0
eV corresponding ta = 72.9 nm.

. Serway 4.23
Answer: The radius of the electron’s orbit is given by (Serway Eq54.3

n? dwegh®  n? . dregh?
rp = = —ag with ag =

= — = 0.053 nm.
7 mee? Z

mee?

For hydrogen’s ground state we hae= 1 andn = 1, sor = 0.053 nm. The velocity is
found from Serway Eq. 4.24, which gives

l=rmv = nh
nhl nh Zm.e? Z e Z
V= ——=————5=———C= —QC
mer  Men2dmegh n 2hege n

or sincen = 1 anda ~ 1/137, we havev = ac ~ ¢/137. This is non-relativistic, so the
linear momentum is

mc* 511 x 10° eV/c

- 137 =3.73 eVlc

p=mv=mac=«



The angular momentum is found from
l=nh=1(6582x10"'°eV-seq

The total energy iZ,, = —FEyZ?/n? or just—FE, = —13.6 eV. What you see in Serway
Eq. 4.25 is that the total energy is equal to the sum of thetikipdus potential, and from
Eq. 4.27 you see that the total energy is equal to half of therp@al. ThereforeE =
K+U=U/2s0U =2FE =2(—13.6eV) = —272eV,andK = E - U = E - 2E =
—E =—(—13.6eV) =+13.6 eV.

. Serway 4.28
Answer: Chromium hasZ = 24. We first have to ask how much energy is made available
by an electron dropping from the= 2 state to the: = 1 state:

1 %) = (24)-13.60 - (i — i) = 5875 eV.

AFE = 7°Ey(— —
O(n? n 12 922

(Note that we must have had a violent event, like absorpti@mx-ray with an energy of at
least(24)? - 13.60/12 = 7833 eV, take place to rip out an electron from the= 1 state to
begin with. Note also that we are ignoring the fact that theseme screening of the nuclear
charge by thether n = 1 electron; remember that we talked ab@dt— 1)? in Moseley’s
law? But let us plow ahead. We now have some energy we can ;sparicf what we pay
has to go to unbindinga = 4 electron, and we can then spend what’s left on kinetic energy
The binding energy of a = 4 electron is
2 2

E, = —%EO = —%13.6 = —490 eV
(of course we're lying a bit here because there is some sogef the nuclear charge by
the other electrons, but this is at least a ballpark estim8te we have 5875 eV to give, 490
eV of it has to go to removing the = 4 electron, and 5875-490=5386 eV is left over to go
into kinetic energy of the ejected electron.

. Serway 4.43

Answer: The atom mass ist = 10~2° kg, and it has an initial velocity af,. The photon has
an energy o = hc/A = 1240/500 = 2.48 eV. If we say that the atom is moving in ther
direction and the photon comes in head-on in-thedirection, conservation of momentum
tells us about the momentum of the atom after the collision:

E
mvy — — = MUy

c
E
muvy —muv; = ——
c
E

Av=vy—1v; = —— =

me

If it takes 10~8 seconds before the atom deexcites by spontaneous emibsiorhe atom is
next able to absorb &= 500 nm photon at that same time later. As a result, the accederati
is

Av  E/me B (2.48 eV) - (1.6 x 10712 J/eV)

A ___ B .
AT At medl T (107 kg) (200 x 10w (0 5y | ox1ms

a =

4



Because the spontaneously emitted photons have no prkfdinection, they produce no
preferred momentum kick; that is, they average out to zecelacation. Now that we know
the acceleration, we can figure out that the atoms slow downadistance of

vfc = v+ 2a(x — x0)
v;—vg 02— (10° m/g)?
7~ Y%
(z = 20) 2 2(—1.3 x 10°)

. Serway 4.44
Answer: In the Bohr model, the wavelengths corresponding to statesitions are given by

he he 1 he

)\ = = =
AE ~ ZE,\n?—1/n2  "7°E,

wheren,; > n;. Regarding the factar = 1/(1/n7 — 1/n7), the initial state can range from
n; — oo ton; = ny+ 1. Therefore the ratio of wavelengths for the series with Hraefinal
state is

)\shortest _ 1/”30 - 1/<nf + 1>2 _ 1- n?”/(n? + 2nf B 1)
Alongest l/nfc — 1/ 1-0

1
142/ny+1/n%

= 1-n}/(nf+2n;+1)=1-

which has values of 0.75 for; = 1, 0.55 forny = 2, 0.44 forn; = 3, 0.36 forn; = 4, 0.31
for n; = 5, and so on. Since in our case we have a wavelength ratt0.8f63.3 = 0.36,
we see that we have; = 4. We can then findZ using\ = 22.8 nm for then; — oo and
ny = 4 transition as

\ hc hc . hc 1240 eV - nm 2,00
— — —_— — — .
AE — Z2Ey/n’ XE, ~ "\ (22.8nm) - (13.6 eV)

so it's an Oxygen atom we’re talking about.




