Substituting (17) in (28) we obtain:

uvL?qE
W = chos 0 (29)
c-a
Marking Code

Grading for questions will be as follows:
a)4.5 points.
b)2,0 points.
¢)1,5 points.
d)2,0 points.
These points are distributed in questions in the following way:
Question a:
1. Obtaining expressions (4) and (7) correctly: 3,0 points.
Only one of them correct: 2,0 points.
2. Obtaining expressions (12) and (13) correctly including the necessary calculations to arrive to this
results: 1,5 points.
Only one of them correct: 1,0 points.
If the necessary calculations are not present: 0,8 point for both (12) and (13) correct; 0,5 points for only
one of them correct.
Question b:
1.Obtaining expressions (17) and (19) correctly: 1,0 point.
Only one of them correct: 1,0 point.
2. Obtaining expressions (21.1) and (21.2) correctly: 0,5 point.
Only one them correct: 0,5 point.
Question d:
1.Obtaining expression (29) correctly: 2,0 points.
When the modulus of a vector is not present where necessary, the student will loose 0,2 points. When the
modulus of q is not present where necessary the student will loose 0,1 points.

Solution Problem 3

Question a:

The velocity v, of the atoms whose kinetic energy is the mean of the atoms on issuing from the collimator
is given is given by:

1mﬁ=§Kh:%=J%£ (1)
2 2 m

J34384043403

Vo = 27
23-167-10

Vo=~ 1,04-10° m/s because:

m =~ 23 m, 2)

Since this velocity is much smaller than c, v,<<c, we may disregard relativistic effects.

Light is made up of photons with energy hv and momentum hv/c.

In the reference system of the laboratory, the energy and momentum conservation laws

applied to the absorption process imply that:

m/s

—-hv

1 1 hv
Emvg +hv=§mv12 +tEmv, -—=mv, = Av, =v, -v, =
c mc

%m(v12 —v§)=hv—E:>%m(v1 +Vv, )(v,-Vv,)=hv-E

hv/c<<mv,. Then v; = v, and this implies mv,Av, = hv = E, where we assume that
Vi + Vo = 2V,
Combining these expressions:



V= 3)
1+ -2
and:
av,=- =L @
Me 1Yo
C

And substituting the numerical values:

v=50-10"Hz Av;=-3,0-107 m/s

If we had analyzed the problem in the reference system that moves with regard to the
laboratory at a velocity v,, we would have that:

%m(v1 -v,)?+E=hv
Where v = v is the frequency of the photons in the laboratory
1+
C

system. Disregarding Av> we get the same two equations above.
The approximations are justifiable because:

_M ~10*

Vo

Then vi + vy = 2V, - Avy = 2V,

Question b:
For a fixed v:

E
V,=¢ —-1 5
° [hv j ©)
if E has an uncertainty I', v, would have an uncertainty:
r CF(1 + \/"j r
Cc
Av =C—=—zCE=6,25m/S (6)
so the photons are absorbed by the atoms which velocities are in the interval

A A
[vo— \2/°,v0+ Z"j

Question c:
The energy and momentum conservation laws imply that:

%mv12 +E = %mv'12 +hv'

(v’ —is the frequency of emitted photon)

hv
mv, =mv', cos¢+—Ccos0
c

0=mv', sincp—h—vsine
c

The deviation ¢ of the atom will be greatest when 0 = g , then:



mv, =mv', cos 'hvl—m' in tan = hv'
1= 1 cPm’?_ V1S| cpm:>acpm_

mv,c
since v’ =V:
tang,, = (7
mv,c
E 5
¢, =arctg—— = ¢, =5-107° rad ®)
mvcC
Question d:

As the velocity of the atoms decreases, the frequency needed for resonant absorption
increases according to:

E

h
\'%
1+ -2
Cc
When the velocity is v, = Av, absorption will still be possible in the lower part of the
level if:

NV =

-l
hy = 2 __ E :>Av=£[1+v—°j ©)
1+V0—AV 1. Vo 2E c
C C
Av=3,12 m/s
Question e:

If each absorption-emission event varies the velocity as Av, = — , decreasing velocity
mc
from v, to almost zero would require N events, where:

Yo MV . N~356-10*

[¢]

v,

=

Question f:
If absorption is instantaneous, the elapsed time is determined by the spontaneous

emission. The atom remains in the excited state for a certain time, T = F , then:

At = Np = NI _ mehv,
r IE

The distance covered in that time is AS=v,At/2. Assuming that the motion is uniformly
slowed down:

AS = %mchvﬁFE = AS=175m

= At=337-10° s

Marking Code

a)Finding Vo I pt Total 3 pt
“ v 1 pt
« Avq 1 pt

b) « Av, 1,5 pt Total 1,5 pt



