Chapter 3

Semiclassical approximation

(© B. Zwiebach

3.1 The classical limit

The WKB approximation provides approximate solutions for linear differential equations
with coefficients that have slow spatial variation. The acronym WKB stands for Wentzel,
Kramers, Brillouin, who independently discovered it in 1926. It was in fact discovered
earlier, in 1923 by the mathematician Jeffreys. When applied to quantum mechanics, it is
called the semi-classical approximation, since classical physics then illuminates the main
features of the quantum wavefunction.

The de Broglie wavelength A of a particle can help us assess if classical physics is relevant
to the physical situation. For a particle with momentum p we have

A= (3.1.1)

Classical physics provides useful physical insight when A is much smaller than the relevant
length scale in the problem we are investigating. Alternatively if we take h — 0 this will
formally make A — 0, or A smaller than the length scale of the problem. Being a constant of
nature, we cannot really make A — 0, so taking this limit is a thought experiment in which
we imagine worlds in which h takes smaller and smaller values making classical physics more
and more applicable. The semi-classical approximation studied here will be applicable if
a suitable generalization of the de Broglie wavelength discussed below is small and slowly
varying. The semi-classical approximation will be set up mathematically by thinking of A
as a parameter that can be taken to be as small as desired.

Our discussion in this chapter will focus on one-dimensional problems. Consider there-
fore a particle of mass m and total energy E moving in a potential V'(z). In classical physics
E —V(x) is the kinetic energy of the particle at x. This kinetic energy depends on position.
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p2

Since kinetic energy is 4 this suggests the definition of the local momentum p(z):

pi(z) = 2m(E - V(x)). (3.1.2)

The local momentum p(z) is the momentum of the classical particle when it is located at
x. With a notion of local momentum, we can define a local de Broglie wavelength \(x)
by the familiar relation:

Mg) = = 2T (3.1.3)
p(z)  p(z)
The time-independent Schrodinger equation
h? 02
~ % 922 () = (E=V(x)Y(x). (3.1.4)

can be written nicely in terms of the local momentum squared :

2 0°

2l
Or?

v = pP(a) 9. (3.1.5)

Using the momentum operator, this equation takes the suggestive form

P (x) = p*(x) ¥(x). (3.1.6)

This has the flavor of an eigenvalue equation but it is not one: the action of the momentum
operator squared on the wavefunction is not really proportional to the wavefunction, it is
the wavefunction multiplied by the ‘classical’ position-dependent momentum-squared.

A bit of extra notation is useful. If we are in the classically allowed region, E > V (z)
and p?(x) is positive. We then write

pi(x) = 2m(E -V (z)) = h*k*(x), (3.1.7)

introducing the local, real wavenumber k(z). If we are in the classically forbidden region,
V(x) > E and p?(z) is negative. We then write

—p*(z) = 2m(V(z) — E) = R*k?*(z), (3.1.8)
introducing the local, real k(z).

The wavefunctions we use in the WKB approximation are often expressed in polar form.
Just like any complex number z can be written as re’?, where r and 6 are the magnitude
and phase of z, respectively, we can write the wavefunction in a similar way:

W(x,t) = /p(x, 1) exp(%S(x,t)) . (3.1.9)
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We are using here three-dimensional notation for generality. By definition, the functions
p(x,t) and S(x,t) are real. The function p is non-negative and the function S(x,t) as
written, has units of A. The name p(x,t) is well motivated, for it is in fact the probability
density:

p(x,t) = |U(x,1). (3.1.10)

Let’s compute the probability current. For this we begin by taking the gradient of the
wavefunction

1Vp s 1
U=_— —VSV¥ d.11
\Y% 2\/ﬁe ho4 hVS (3 )
We then form: ) )
UV = SVp+ %pVS (3.1.12)
The current is given by
h
J=—Im(¥*'VVY) . (3.1.13)
m
It follows that
AL (3.1.14)
m

This formula implies that the probability current J is perpendicular to the surfaces of
constant S, the surfaces of constant phase in the wavefunction.

In classical physics a fluid with density p(x) moving with velocity v(x) has a current
density pv = p2. Comparing with the above expression for the quantum probability
current, we deduce that

p(x) ~ VS. (3.1.15)

We use the ~ because this is an association that is not of general validity. Nevertheless,
for ‘basic’ WKB solutions we will see that the gradient of S is indeed the classical local
momentum! This association also holds for a free particle:

Example. Consider a free particle with momentum p and energy E. Its wavefunction is

p-x Bt
U(x,t) = -—— . 3.1.16
(o) = exp | X (31.16)
Here we identify the function S as § = p - x — Et and therefore VS = p. In this case VS
is equal to the momentum eigenvalue, a constant.

3.2 WKB approximation scheme

Our aim here is to find approximate solutions for the wavefunction ¢(z) that solves the
time independent Schrdinger equation in one dimension. We wrote before the polar decom-
position (3.1.9) of the wavefunction. It will be easier to set the approximation scheme by
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using a single complex function S(x) to represent the time-independent wavefunction v (z).
For this we use a pure exponential without any prefactor:

P(x) = exp(%S(a:)) , S(x)eC. (3.2.1)

As before S must have units of /. This S(x) here is a complez number, because wavefunc-

tions are not in general pure phases. The real part of S, divided by £, is the phase of the

wavefunction. The imaginary part of S(x) determines the magnitude of the wavefunction.
Let us plug this into the Schrédinger equation (3.1.5):

d? i i
—7?,2@ <eﬁs($)> = p*(x)er@) (3.2.2)
Let us examine the left-hand side and take the two derivatives

2 . ; . ; 2 )
T (e%S(x)> — _hZ% <;_Lg/(x)625(x>> — 12 <15h” - (i;) ) erS(@)  (3.2.3)

Back into the differential equation and canceling the common exponential

2 <15" _ <S/)2> — (). (3.2.4)

h h?

With minor rearrangements we get our final form:

(8'(2))? — ihS"(x) = p*(x). (3.2.5)

The presence of an explicit 7in the equation tells us that the solution for S, as expected,
cannot be real. At first sight one may be baffled: we started with the linear Schrodinger
equation for ¢ and obtained a nonlinear equation for S! This is actually unavoidable when
the variable v is parameterized as an exponential and reminds us that sometimes a change
of variables can turn a linear equation into a nonlinear one and viceversa. The nonlinear
equation (3.2.5) allows us set up an approximation scheme in which # is considered small
and thus the term involving S”(x) is small. We will argue that this is in fact true for slowly
varying potentials.

Claim: ¢hS” small if V(x) is slowly varying.

Indeed, if V(z) = Vj is a constant, then the local momentum p(x) is equal to a constant pg.

Equation (3.2.5) is then solved by taking S’ = pg. For this choice S” = 0 and the term ihS"”

vanishes identically for constant V. It should therefore be small for slowly varying V' (z).
Alternatively the term 7AS” in the differential equation is small as A — 0, which makes

the local de Broglie wavelength go to zero. In that case, the potential looks constant to the

quantum particle.
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We will thus take % to be the small parameter in a systematic expansion of S(z):
S(z) = So(z) + hSi(z) + h2So(x) + O(R). (3.2.6)

Here Sy, just like .S, has units of i. The next correction S7 has no units, and the following,
Sy has units of one over . Now plug this expansion into our nonlinear equation (3.2.5)

(Sh+ hSy + 1Sy +...)° —ih (S§ +hSY + h28) +...) — p*(x) = 0. (3.2.7)

The left-hand side is a power series expansion in hA. Just as we argued for the parameter A
in perturbation theory, here we want the left-hand side to vanish for all values of i and this
requires that the coefficient of each power of i vanishes. We thus sort the left-hand side
terms neglecting terms of order A? or higher. We find

(S5)% —p* + 1 (28,S; —iSy) + O (%) =0 (3.2.8)
This gives two equations, one for the coefficient of (7)° and another for the coefficient of A:

(56)2 _p2(x> = 07

(3.2.9)
2515, —iSll = 0.
The first equation is easily solved:
Sy =+p(z) — So(z)= :I:/ p(z)dx' (3.2.10)
o

where x( is a constant of integration to be adjusted. The next equation allows us to find
S1 which is in fact imaginary:

Sl = ;g@l - ;((i’;((g)) - ;];. (3.2.11)
0
This is readily solved to give
iS1(z) = —3Inp(z)+C' . (3.2.12)
Let us now reconstruct the wavefunction to this order of approximation:
W(@) = exp [;(so RS+ (’)(hz))] ~ exp [;so} exp [i1] (3.2.13)

Using our results for Sy and S7 we have that the approximate solution is

P(x) = exp [:I:;L /x p(x')daj'] exp [—3logp(z) +C'] . (3.2.14)

0
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We thus have

P(r) = ;(x) exp [i;/x:p(x’)da:’] . (3.2.15)

This is the basic solution in the WKB approximation. We do not attempt to normalize this
wavefunction because, in fact, the region of validity of this approximation is still unclear.

Observables for the basic solution:

i)

i)

Probability density:
AP |AP
plx)  mo(z)’

p =1 = (3.2.16)
where v(x) is the local classical velocity. Note that p is higher where v is small as
the particle lingers in those regions and is more likely to be found there. This is an
intuition we developed long ago and is justified by this result.

Probability current: In the language of the polar decomposition (3.1.9) of the wave-
function the basic solution corresponds to

S(z) = /Ip(ml)d:c’ (3.2.17)

Note that, as anticipated below equation (3.1.15) the gradient of S in the basic solution
is the local momentum. Recalling the result (3.1.14) for the current,

108
= p—— 2.1
J=p—= (3.2.18)

and therefore,
AP p@) AP

p(x) m m

J(x)

(3.2.19)

The fact that the current is a constant should not have taken us by surprise. A
position-dependent current for an energy eigenstate is not possible, as it would violate
the current conservation equation 0,J(z) + dyp = 0, given that p is time independent.

We con now write the general solutions that can be built from the basic solution and
apply to classically allowed and classically forbidden regions.
On the allowed region E —V (x) > 0 we write p?(z) = h?k?(x), with k(z) > 0 and hence the
general solution is a superposition of two basic solutions with waves propagating in opposite
directions:

P(r) = exp [z /x ' k(m’)dw’} + B exp [—i /x ’ k(m’)dm’} : (3.2.20)
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Note that the first wave, with coefficient A moves to the right while the second wave,
with coefficient B moves to the left. This can be seen by recalling that the above energy
eigenstate 1(x) is accompanied by the time factor e "Et/h when forming a full solution of
the Schrédinger equation. Moreover, the first phase (accompanying A) grows as z grows,
while the second phase becomes more negative as = grows.

On the forbidden region p?> = —h?k?(x) so we can take p(z) = ik(x) in the solution,
with k£ > 0, to find

C X

P(x) = exp [/ K(Jﬁl)dl‘l] +
k() zo

The argument of the first exponential becomes more positive as x grows. Thus the first

term, with coefficient C, is an increasing function as x grows. The argument of the second

exponential becomes more negative x grows. Thus the second term, with coefficient D, is

exp {— /: n(:c’)d:c’} (3.2.21)

k() 0

a decreasing function as x grows.

3.2.1 Validity of the approximation

To understand more concretely the validity of our approximations, we reconsider the ex-
pansion (3.2.8) of the differential equation:

(S5)% —p* + 1 (28,S; —iSy) + O (%) =0 (3.2.22)

We must have that the O (h) terms in the differential equation are much smaller, in magni-
tude, than the O (1) terms. At each of these orders we have two terms that are set equal to
each other by the differential equations. It therefore suffices to check that one of the O (h)
terms is much smaller than one of the O (1) terms. Thus, for example, we must have

|hSHSy| < |SI%. (3.2.23)
Canceling one factor of |S| and recalling that |S)| = |p| we have
|nSy| < |pl. (3.2.24)

From (3.2.11) we note that |S7| ~ [p’/p| and therefore we get

/
‘h% < Inl. (3.2.25)

There are two useful ways to think about this relation. First we write it as
hildp dp
2|2 — A2 3.2.26
B2 < - 2|2 < o2

which tells us that the changes in the local momentum over a distance equal to the de
Broglie wavelength are small compared to the momentum. Alternatively we write (3.2.25)
as follows: g1
P

1 —
< .

’
s
p

<1 (3.2.27)
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This now means

d\
— 1. 3.2.28
dx‘ < ( )

The de Broglie wavelength must vary slowly. Note the consistency with units, the left-hand
side of the inequality being unit free. More intuitive, perhaps, is the version obtained by
multiplying the above by A

<. (3.2.29)

dA
A2
’ dx

This tells us that the variation of the de Broglie wavelength A over a distance A must be
much smaller that .

It is not hard to figure out what the above constraints tell us about the rate of change
of the potential. Finally connect to the potential. Taking one spatial derivative of the
equation p? = 2m(E — V(z)) we get

A% av|] 1
| = m|— = 2yl 3.2.30
|pp'| m‘dx' - ‘d:ﬁ mlppl ( )

Multiplying by the absolute value of A = h/p

av
dx

2mh 2
=y < 2 (3.2.31)
m

A(z) -

where the last inequality follows from (3.2.25). Hence, we find that

av

A(z) .

< —. (3.2.32)

The change in the potential over a distance equal to the de Broglie wavelength must be
much smaller than the kinetic energy. This is the precise meaning of a slowly changing
potential in the WKB approximation.

The slow variation conditions needed for the basic WKB solutions to be accurate fail
near turning points. This could be anticipated since at turning points the local momentum
becomes zero and the de Broglie wavelength becomes infinite. Under general conditions,
sufficiently near a turning point the potential V(x) is approximately linear, as shown in
Figure 3.1. We then have

Vz)—FE = glx—a), g>0. (3.2.33)
In the allowed region = < a the local momentum is

p® = 2m((E -V (z)) = 2mgla —z). (3.2.34)
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Figure 3.1: The slow-varying conditions in WKB are violated at turning points.

As a result, the de Broglie wavelength is given by

2mh 2mh
A = = : 3.2.35
W)= = Vamava s (3.2.35)
Taking a derivative, we find
d\ wh 1
2 = ) 3.2.36
dx‘ Vv2myg (a — x)3/2 ( )

The right-hand side goes to infinity as * — a and therefore the key condition (3.2.28) is
violated as we approach turning points. Our basic WKB solutions can be valid only as
long as we remain away from turning points. If we have a turning point, such as x = a in
the figure, we need a ‘connection formula’ that tells us how a solution far to the left and a
solution far to the right of the turning point are related when they together form a single
solution. We will consider a connection formula right below.

3.3 Connection formula

Let us first explain and then use a set of connection formulae, leaving their derivation for
next section. The connection formulae refer to solutions away from a turning point x = a
separating a classically allowed region to the left and a classically forbidden region to the
right. This is the situation illustrated in Figure 3.2.

For such turning point at x = a the WKB solutions to the right are exponentials that
grow or decay and the WKB solutions to the left are oscillatory functions. They connect
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Figure 3.2:

consistent with the following relations

;(x) cos ( /x " k(e Z) — :(x) exp <— / :Efs(a:')dx’) (3.3.1)

_ \/%Sm ( /x " h(a!)da! — Z) _ :(x) exp < / ’ m(x’)da:') (3.3.2)

In the first relation the arrow tells us that if the solution is a pure decaying exponential to
the right of x = a the solution to the left of x = a is accurately determined and given by
the phase-shifted cosine function the arrow points to. The second relation says that if the
solution to the left of x = a is of an oscillatory type, the growing part of the solution to
the right of x = a is accurately determined and given by the exponential the arrow points
to. The decaying part cannot be reliably determined. As we will elaborate upon later, any
connection formula is not to be used in the direction that goes against the arrow.

Example: Find a quantization condition for the energies of bound states in a monoton-
ically increasing potential V' (x) that has a hard wall at x = 0. Assume V(z) increases
without bound, as illustrated in Figure 3.3.

Let E denote the energy of our searched-for eigenstate. Clearly, the energy and the
potential V' (z) determine the turning point = a. The solution for > a must only have a
decaying exponential since the forbidden region extends forever to the right of z = a. The
wavefunction for > a is therefore of the type on the right-side of the connection formula
(3.3.1). This means that we have an accurate representation of the wavefunction to the left
of £ = a. Adjusting the arbitrary normalization, we have

P(z) = lj(x) cos </:k:(x')da;’ — Z) , 0<r<a. (3.3.3)
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K

&
!
g
S NN

Figure 3.3: A monotonically increasing potential with a hard wall at z = 0. For an energy eigenstate
of energy E the turning point is at x = a.

Since we have a hard wall, the wavefunction must vanish for = 0. The condition ¥(0) = 0

requires that

cosA =0, with A= /0 k(z")dx' — % . (3.3.4)
This is satisfied when

A—/O k(z')de' — 5 = S +nmw, nel. (3.3.5)

The quantization condition is therefore

/ k(z')da' = (n+3)7, n=0,1,2,.... (3.3.6)
0

Negative integers are not allowed because the left-hand side is manifestly positive. The
above is easy to use in practice. Using the expression for k(z) in terms of F and V(x) we
have

/Oa\/zh?(E—V(x’))dx’:(n—i—i)ﬂ, n=01,2,... (3.3.7)

In some special cases a can be calculated in terms of E and the integral can be done
analytically. More generally, this is done numerically, exploring the value of the integral
on the left hand side as a function of F and selecting the energies for which it takes the
quantized values on the right-hand side.
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Let us rewrite the wavefunction using [ = [ — [;’:

W(z) = kl(x) cos < /0 k(e - T - /0 ’ k(x’)d:p’)
_ kl(x) cos <A - /0 mk:(:c’)d:c’) (3.3.8)
- \S/i% sin (/Oxk:(x’)dx’) ,

where we expanded the cosine of a sum of angles and recalled that cos A = 0. In this form
it is manifest that the wavefunction vanishes at x = 0. More interestingly, the quantization
condition (3.3.6) indicates that the excursion of the phase in the solution from 0 to a is a
bit higher than nm (but less than (n + 1)7). Thus the WKB wavefuntion produces the n
nodes the n-th excited state must have, even though this wavefunction is not reliable all to

way to x = a.

3.4 Airy functions and connection formulae

‘ V)
CLASS ALY u LRSS (CALLY
ALLOWED " _¥oeemmde) _ ¢
(3.4.9)
<0 \ ASO
o T T T T p——
AL YN x.
V(z)— E~g(z—a) with ¢ > 0 for z ~ a (3.4.10)
Solutions
P(x) = /;4(:15) exp <— /ax m(w’)dw') + f(a:) exp (/: H(.%'/)d.%'/> x>a (3.4.11)
C [ / / D i “ / ’
Y(x) = NEO) exp <z/x k(x )dx) + ) exp ( /x k(z")dz > r<a (34.12)
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where
9 2m 2mg
k :ﬁ(E V(x))zﬁ(a—x) r<a
2m 2mg
RQEH—(V(@’)— )_?( —a) T>a
Idea: Solve Schrodinger equation
h2

“2m
with the exact linear potential, i.e.

h2
—%d/l +g(x—a)p =0

e Solve (3.4.16) exactly.

e Match it to the x > a version of (3.4.11) or x < a version of (3.4.12).

e Find the required relations between coefficients!
Solve (3.4.16). Remove units, find length scale.
1
h2 h2 3
——=9gL — L=|—
e =9 = 1= (5g)

so define
2mg

“ = <W>§<$_a)5,,(x_a>

thus (3.4.16) becomes

i

du? —up=0

with solution
Y = adi(u) + B;(u)

where a and 8 are constants and A;(u), B;(u) are Airy functions:

%%M_ie_f u>1,
Az(u) ~ ) 1 i

ﬁ|u] icos(€—%F) u< -1l

lu|7ef u> 1,
Bi(u) ~ L1 ﬂ

—ﬁ\u| isin(§-7%) w< -1l

with
£= 2l

63

(3.4.13)

(3.4.14)

(3.4.15)

(3.4.16)

(3.4.17)

(3.4.18)

(3.4.19)

(3.4.20)

(3.4.21)

(3.4.22)

(3.4.23)

These are in fact WKB solutions and special cases of connection conditions! (Explain)
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3.4.1 How bad are the errors?

Take a WKB solution and find the DE it satisfies

1
Y(u) = —e 5l (3.4.24)
u4
solves
d%y 5 1

so clearly for u > 1 the extra term is negligible.
To evaluate (3.4.11) and (3.4.12), determine x(z) and k(x). Using (3.4.13) and (3.4.14):

K =n’(a—x) = —n’u=n’lu| u< 0 (3.4.26)
K2 =n3(x —a) = +nu u>0 (3.4.27)

Using ' = 4L the WKB condition is |+'| < |k?| From ...

3 3 2
Ul n N
12kK | =13 = |K|= - = =_- (3.4.28
0k T 2yl 2 !
k% = n?|u| thus
2 2 3 1
K| < k 3] <L nlu| = |ulz > 3 = lu| > 0.63 (3.4.29)
Two integrals to estimate
r r 2 3 3|z
r>a: / k(z")dz' = / n3(x — a)dx’ = =n2 (2’ —a)?
a a 3 a
2 2 2
= gn%(az - a)% = gu% = §]u|% =¢ (3.4.30)
@ @ 3 2 3]
r<a: / k(z')dz' = / n3(a — a')dz' = n? [—(a - :c/){
xX X 3 x
2
= gn%(a —2)7 = Julz = (3.4.31)
both integrals are equal to &.
1 1 1 1
= = (3.4.32)

n(a:) B n%‘u’i ’ k:(x) B n%‘u’%
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(3.4.11) and (3.4.12), let {A,B,C,D} — n%{A,B,C, D}% to cancel the extra factor and
produce the ... constants

1 1
Jul "7 - Jul 73
=A ‘4B et 1
¥(z) \/77 + T u >
Jul Ju 5
_ oM e plUl T e —1 4.34
P(x)=C NG + N u <K (3.4.34)
Note that
1
A; +iB; = hﬂ/; emi(6-1) (3.4.35)
1
A —iB; = “i'/; ei(6-%) (3.4.36)
thus
Jul 3
T (A; —iB;) = i/?r e (3.4.37)
1
(A; +iB,)) |7f|/7; e % (3.4.38)
Now back in (3.4.34):
Y(x) = Ce'i(A; — iB;) + De "5 (A; + iB;)
(Ce 1+ De™ %) (zDe (- Z'Cei%) B; (3.4.39)
Finally equate (one solution):
2A = Ce't + De™'% (3.4.40)
iB=Ce'i —De i — (3.4.41)
1 = .
C = ¢ '1(24+iB) (3.4.42)
1 .=
D = ¢ '4(2A —iB) (3.4.43)

back in (3.4.12)

o) = LA o [ i = T B o (L [ - T)

(z)
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() = 21:(13?) cos < [E " () da — D - ]]j(x) sin ( /z " j(a)da' — D (3.4.44)

Now discuss a subtlety. The formulas are in reality only usable in one direction with partial
results. Some terminology helps. We always speak having in mind a fixed turning point. If
we say we have a growing exponential at a turning point we mean we have a solution that
grows as we move gway from the turning point towards the classically forbidden region.
Similarly, a decaying exponential means our solution decays as we move away from the
turning point towards the classically forbidden region. In summary the connection arrow
can go from a decaying exponential into an oscillatory solution and can go from an oscilla-
tory solution into a growing exponential.

3.4.2 The other connection conditions

This time the turning point is at x = b, with the classically allowed region to the right of it
and the classically forbidden region to the left of it.

/-;1(55) exp <— /: /as(ar')dar’> — :(m) cos (/bx k(z")da' — Z) (3.4.45)

_ :(x) exp < /w ’ m(zvl)dx') = /j(w) sin ( /b ' k(2")dz' — D (3.4.46)

For the first relation, if there is only a decaying exponential to the left, the wavefunction
is definitely without the growing exponential, and the wavefunction to the right of x = b is
accurately determined. This does not work in the reverse direction because a small error in
the oscillatory function would give a growing exponential to the left of for z = b that would
overtake the predicted decaying solution.

For the second relation, the stated direction (from right to left) is reliable: an small
error on the right side of x = b would produce a decaying exponential, thus a small error
on the left-side of x = b. The reverse direction does not work: a small error to the left of
x = b, a decaying exponential, would produce a large error in the right-hand side.
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In summary, in all cases of the connection conditions, relative to a turning point,

We can connect away from a decaying exponential and into a growing exponential.

(3.4.47)

3.5 Tunnelling through a barrier

Figure 3.4: Tunneling in the WKB approximation. The energy F must be smaller than the height
of the potential, and the barrier must be wide and smooth.

We want to find the tunneling probability T" for a wave of energy incident on a smoothly
varying wide barrier. The energy E of the wave must be smaller than the height of the
potential. In this problem there is an incident wave, a reflected wave and a transmitted
wave, and the associated WKB expressions will have amplitudes controlled by constants
A, B, and F', respectively. The situation is illustrated in Figure 3.4.

Remarks:

1) Expect T to be small. Little probability flux goes through and |A| =~ | B|.
2) For x> b there is just an outgoing wave with amplitude controlled by F'.

3) Within the barrier the component that decays as x grows is more relevant that the
component that grows. It is the only component that can be estimated reliably.

Consider the transmitted right-moving wave valid for x > b

Yir(z) = \/%exp <z’/:k(x')dx’—ig> . z>b. (3.5.1)

This is a WKB solution with an extra phase of w/4 chosen to make the argument of the
exponential have the familiar form appearing in the connection formulae. Expanding the
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exponential

Vi (2) = ]f(x) cos (/bx k(z)da' — Z) +

iF N

sin k(z')dx' — %), =>b. (3.5.2)
k(x) b
This is in standard form. We can now match the second term to an exponential that grows
as we move to the left of x = b, by using (3.4.46)

i

K(x)

b
V(@) barr = — exp (/ K:(x’)dx/> , a< s <b. (3.5.3)

The subscript ‘barr’ indicates a solution in the barrier region. If we attempted to match
the first term in (3.5.2) we would get an exponential that decays as we move to the left of
x = b and it is unreliable given the growing exponential. We can now refer this solution to
the point z = a

; b T
V(T )parr = — Z]z ) exp </ k(x')dx' — / m(x’)da:’) aKLr<Kbh. (3.5.4)
R\T a a
Defining
b
= / k(x")dz' (3.5.5)
we have

iFe?
k()

Since this is a decaying exponential to the right of z > a we can connect it to a solution to
the left of x < a using (3.3.1)

V(T )barr = — exp <— /x m(m')dm') a<Lr<b. (3.5.6)

¥(z) = — 2ij( i)) cos < / " (o) — g) . (3.5.7)

This is a superposition of two waves, a wave 1, incident on the barrier and a wave ,..r
reflected from the barrier. The incident part is

Yine(®) = — \Z/% exp (—z‘/: k(z')dx' + z‘j{) : (3.5.8)

The sign in front of the integral may seem unusual for a wave moving to the right, but
it is correct because the argument x appears in the lower limit of the integration. The
transmission coefficient 7" is the ratio of the transmitted probability current over the incident
probability current. Given the result in (3.2.19) we have

T - probability current for ¢y, |F)? _ (35.9)
probability current for 1, | —iFef|?
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This is the well-known exponential suppression of the transmission coefficient. Using the
earlier definition of 6 the result is

Twkb = exp(—2 /ab /@(sc')dx'). (3.5.10)

We added the subscript ‘wkb’ to emphasize that this is the WKB approximation to the
exact transmission coefficient. The integral extends in between the two turning points and
captures information about the height and the width of the barrier. The integrand, as well
as the turning points, depend on the energy as we can display by using the explicit value

of k(z) :

T, = exp( -2 /ab \/Qf;’(wx/)—E) dr'). (3.5.11)

The WKB approximation only captures the exponentially decaying part of the transmission
coefficient. There are corrections that are written as a prefactor to the exponential. These
are not determined in this approximation.

Example. Use the WKB approximation to estimate the transmission probability T" for the
rectangular barrier

W f <
Vi) = {0 for el <a, (3.5.12)
0, otherwise.

Assume the barrier is large. In terms of the familiar unit-free constant zg used to characterize
square wells, this means that

2mVpa?
2 = %»1. (3.5.13)

Large barrier means large zg or large Vga?. Moreover we assume E smaller than Vp; we
cannot expect the approximation to work as the energy approaches the top of the barrier.
Compare the WKB result for 7" with the exact result.

Solution. The WKB estimation, using (3.5.11) is immediate. Since the barrier extends
from £ = —a to £ = a and the potential is constant we have

@ [9
Tyxp = exp(—2/ h—?(%—E) da:’). (3.5.14)

The integral can be done and we find

Ty, = exp(—%l\/Qm(%—E) ) (3.5.15)

This is the answer in the WKB approximation. In terms of zg this reads

Tt ~ exp<—4zm/1— g ) (3.5.16)
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The validity of the WKB approximation requires the argument in the exponent to be large.
This is why we need zg > 1 and the energy not to approach Vy. When E is very small
compared to V[, we have

T ~ exp(—4zp). (3.5.17)

Since 2o ~ a+/Vp, this result is the basis for the claim that the exponential suppression of
the tunneling probability is proportional to the width of the well and the square root of its
height.
The exact formula for the tunneling probability of a square barrier has been calculated
before, and it is given by
1 1% 2a

=1+ sinh2< .

T 1BV, = B) 2m(Vo— ). (3.5.18)

This formula will allow us to confirm the WKB exponential suppression and to find the
prefactor. Under the conditions zg > 1 and V() — F finite, the argument of the sinh function
is large so this function can be replaced by its growing exponential (sinhz ~ %ex):

1 4
RO P (R exp(fa\/Qm(Vo - E)) , (3.5.19)

T 16E(1 - )

where we also replaced V) — E — Vj in the prefactor. The additive unit on the right-hand
side can be neglected and we have

T~ 168 (1- &) exp(—%\/Zm(Vo - E)) . (3.5.20)

This result gives the same in exponential suppression as the WKB result (3.5.15). It also
gives us a good approximation to the prefactor.

The WKB approximation is often used for the estimation of lifetimes. The physical
situation is represented in Figure 3.5. We have a particle of mass m and energy E localized
between the turning points x = a and x = b of the potential. The classical particle cannot
escape because of the energy barrier stretching from x = b to x = ¢. The quantum particle,
however, can tunnel. The state of the quantum particle when localized between a and b
is not strictly an energy eigenstate because the wavefunction for any energy eigenstate is
nonzero for x > c¢. Our goal is to determine the lifetime 7 of the particle. This is done by
using some classical estimates as well as the quantum transmission probability.

We first show that the lifetime 7 is the inverse of B, the tunneling probability per unit
time. To see this we examine the function P(t) that represents the probability to have the
particle localized within [a,b] at time ¢, if it was there at ¢ = 0. The lifetime is said to be 7
if P(t) has the time dependence P(t) = e~%/7. To see that we have such a situation when
the tunneling rate B is constant note that

P(t+dt) = P(t)- (probability that it does not tunnel in the next dt ) . (3.5.21)
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Figure 3.5: Estimating the lifetime of a particle with energy E temporarily localized in x € [a, b].

Therefore
P(t+dt) = P(t)-(1—Bdt) — P(t+dt)—P(t) = —BP(t)dt. (3.5.22)
We thus have the differential equation, and solution,
dP

—- = —BP(t) — P@)= e Bt (3.5.23)
from which we identify, as claimed, that
1
T= 5 (3.5.24)

The tunneling rate B or tunneling probability per unit time is estimated by counting the
number of times np;; the classical particle, bouncing between x = a and x = b, hits the
barrier at = b per unit time, and multiplying this number by the tunneling probability 7"

T
B=nwT = —, 3.5.25
Mhit At ( )
where At is the time the classical particle takes to go from b to a and back to b:
b b
d d
At = 2/ AT 2m/ o (3.5.26)
o V() o P(@)
We now can put all the pieces together, using the WKB approximation for T. We find
At /b dz ¢
T = —~2m | —— -exp (2/ n(x)d:z) . (3.5.27)
T a p(fL‘) b

The smaller the tunneling probability, the larger the lifetime of the localized state. Note
that the factor At carries the units of the result. The above result can easily fail to be
accurate, as the WKB approximation for T does not give the prefactor multiplying the
exponential suppression.
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