PHY 251 Spring 2008: homework problem set 6, due ThursdaycMa7.

Serway problem 4.33

Answer: The reduced mass of the lead nucleus with an orbiting muon is
m;,mpp
m, =

= ——>m, =20Tm, because  mpi, > m,.
my, + mpp

Next, we need to use the reduced mass version of the Bohr rifadele worked out in the
lecture notes (slide 23 of lecture 10), or
Z2 ., 4 Z2 .
E,=-2 0~ 2 g
n? 8h2eg n? me
Sincem, ~ m,, and sinceZ = 82, we have

72 ., 82)2 207m,
Em_ (82) o m

= 1.89 x 107 eV.

The Bohr radius with the reduced mass taken into accouneésglsde 21 of lecture 10)

n? dregh® me  n?  m.

= = —ayp—
Z mee: m, Z “m,

Tn

with ag = 0.053 nm, which in this case gives
2 Me
- 5( 207m,
which is the range of the size of the Pb nucleus!

0.053 nm) =31x10°nm=3.1x10"m

(A1

Serway problem 4.34
Answer: Again we havem, = 207m.. To do this problem we certainly need to use the
reduced mass version of the Bohr model that we worked ougitettture notes (slide 23 of
lecture 10), or , , )
Z° mye Z m,

En = n2 8h2et  n? Eome'
So what'’s the reduced mass for this atom? Wse= 207m. and the proton and neutron
masses in Me\¢? given in Appendix 1 of Serway:

S my(my +my) 207 -me(938.3 4 939.6)
" my 4 (my+my) 207 0.511 + (938.3 + 939.6)

where we leftmn, in there as a multiplier in the numerator but put in a numérialue in the
denominator. We then have Bohr model energies of
72 - 12 196.0m. 2668 eV
B, = — 2Byt = — = (13.61 eV)———< = .
Me

n? n? Me n?

=196.0m,

Therefore the energy difference betweers: 1 andn = 2is (1/1? — 1/2?) = 3/4 of 2668
eV, or 2001 eV, and the wavelength of the emitted photondshc/E = 1240/2001 = 0.62
nm.



Serway problem 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 —— = My
C
E
mvo —mvy = ——
C
E
Av=vy—1v;, = —— =
mc

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

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

v = - = — = —1.3x10° m/s’
Al AL meAl . (10-2 kg) - (2.99 x 105 m/s) - (105 5) 107 m

a =

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

v} = v+ 2a(x — xo)
v;—ug 02— (10° m/g)?
7%
(z = 20) 2a 213 x 100 8

Serway problem 4.44

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

he he 1 he

A pu— p— p—
AE ~ ZE, U 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 imaesfinal
state is

)\shortest _ 1/”30 - 1/<nf + 1>2 _ 1- n%/(ni + 27lf T 1)
Alongest 1/nfc — 1/ 1-0
1

= 1-n}/(nF+2n;+1)=1-
FIAET f 1—0—2/nf+1/n3c

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

\ he he . 1240 eV - nm 8,00
— — —_— — — .
AE ~ Z2By/n} T\'XE, )\EO (22.8 nm) - (13.6 eV)

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

Serway problem 5.2
Answer: In both cases the kinetic energy is pretty small comparedtoso we can use the
classical result ofs, = p?/(2m) to write
- h he B 1240 eV - nm
P V2mEEy /2511 x 103 [5 x 1015 x 10%]

or A = [0.17,0.0055] nm.

For the sake of argument, let’s look at the relativistic eofion to the above result. The
kinetic energy isE, = (v — 1)mc? ory = 1 + E/(mc?) and then

)\_ﬁ_ he  he
Cp ymue  yBme?’

For the two different electron energies we have 1 + E/(mc?) and

B=\1-1/72 =1 - (1+ E/(me) 2 = /1 = (1 - 2B,/(me?)) = 2Bk

mc?
and finally
E 2F
18 = (1+—5)—%
mc mc
giving
h h h E
A= o ¢ ~ < (1-—%)

yBme? 2Ek V2mctE), me?
m02 (1 + mCQ)

SO we see that the relativistic correction to the de Brogkwelength is small: it goes like
Ey/mdc.

Serway problem 5.3
Answer: We have
h h 6.63 x 10734

A= = — = 77 77— 18%x107%m
P mv (74)(5) .



Serway problem 5.10
Answer: The diameter of the hydrogen atom (with= 1 andn = 1) is 2a,, and we know
that the ground state of the hydrogen atom involves noriivedtac electrons (we found
v = ac ~ ¢/137) SO E}, = p?/(2m) or p = v/2mE. If we set this equal to the de Broglie
wavelength, we have

5 \ h hc
Qa, g = —_—_= —
0 P V2mcE,
he)?
4 2 — (
%o 2mc2 L,
2 ) 2
B, - (he) _ (1240 eV - nm) 1346V

8mc2a3 8- (511 x 103 eV) - (0.053 nm)2

This energy is much larger than the 13.6 eV energy of the lgairground state. Of course
the construction for the ground state of hydrogen is to mhkeestectron wavelength equal
to the circumference of the orbit.

Serway problem 5.14
Answer: These are low-energy electrons, so they're in the clasiodl and the kinetic
energy isk, = p*/2m giving p = v/2mE}. The de Broglie wavelength is then

h h he
P V2mE, V2m.C?E;

=

If we say that the crystal planes form a simple grating atdpestirface (because the electrons
don’t travel very far in the material), and the electron bessmatters off of that grating, then
we have a simple, planar grating equation (as opposed taaneobr Bragg grating equation
of dsinf = n\). The simple grating equation is

n nhc

sinfl = — = ————.
d  d,/2(m.2)E,

Well, let's move on to part B. If we have two angles for sucosspeaks: andn + 1, we
can write

hc hc hc
sinf,41 —sind, = (n+1) -n =
' d\/2(mc?)E, d\/2(mc2)E,  dy/2(mc?)Ey,

We can then solve for the atomic spacihg

he
(sin 0,41 — sin6,)1/2(mc?) Ey,
1240 eV - nm

= = (0.30 nm
(sin 54.9° — sin 24.1°)4/2 - 511 x 103 eV - 100 eV ( )

d =
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ord = 3 A which is a reasonable inter-atomic distance or latticeespain solids. By the
way, we can also infer the diffraction ordetfrom realizing thatin 6 = (\/d)n so if we
look at the ratio of the two angles of

SiIl@A . ()\/d)?’LA . n_A

sin 9B N ()\d)?’LB N npg
which in this case isin 54.9°/sin 24.1° = 0.818/.408 ~ 2/1 so we can guess that; = 2
andng = 1.

It's worth comparing the above result with a volume or
Bragg grating result (see right). In this case, the net de-
flection angle isp, and the Bragg anglé is given by

0 =7 /2 — ¢/2. Therefore we can write Bragg’s law as

2dsinf = 2dsin(7/2 — ¢/2) = 2d cos(¢/2) = nA. q)/z ¢
& q)/z
We then have
N = 2dcos(¢/2) he
N n V2m.c2E),
nhc

or 2 2) = —)—

ws(0/2) = G By

The moral of the story is that one gets significantly différen
results from scattering from a simple grating on a surface,
or scattering from a volume grating.

Serway problem 6.5
Answer: We havey(z) = Aze=**/I* for a particle with zero energy. The derivativesyof

are
% Aze /0" = Ae™™ /P 4 Ag(— %)e‘x2/L2 =1 <E — %)
;—;Ax —eE % Ae=#* /T —2A(—E—Z)e_x2/L2]
- A(—2%)e‘$2/L2 + A(=2
If we useE’ = 0 in the Schrodinger equation we have
—%aa—;erUw = FEy=0
2 92

Udge ™ /F* = ¢

(Must finish solution. .)



Serway problem 6.6
Answer: If U = 0 the Schrodinger equation is

h* 0%y
“oman Y

so we need to take the second derivative of the wavefunction:

@ d | L
e (Acos(kx) + Bsin(kz)) = —kAsin(kz)+ kB cos(kx)
% (—kAsin(kz) + kBcos(kz)) = —kAcos(kz) — k2Bsin(kz) = (—k2)o

Then the Schrodinger equation becomes

so this choice of wavefunction satisfies the Schrodingaaggn. Furthermore we find that
the energy is given by

B h2 ) h2 47T2 h2 p2 B p2

E

" 2m (472)2m A2 T o2m k2 2m

and sincep?/(2m) = (1/2)mv* we have found that the particle’s energy is its kinetic en-
ergy!



