
Principle and application of Quantum Technology

Homework 1 Due: March 22, 2024

Ex.1 Delayed Quantum Eraser

Consider the double-slit experiment as set up shown in Fig. 1, in which a 1-bit (with two

state | ↑〉 and | ↓〉) quantum path detector sitting in the path of the particle passing through

a double-slit. The 1-bit quantum path detector serves as the which-way detector: when the

1-bit detector is in the state | ↑〉 , the particle goes through A-slit and is the state |ψ1〉;

otherwise, the 1-bit detector is in the state | ↓〉 , the particle goes through B-slit and is the

state |ψ2〉.

(a) 5% Let the combined state of the particle and the which-way detector be |ψ〉. Find

normalized state |ψ〉 in terms of |ψi〉, | ↑〉, and | ↓〉.

(b) 10% Find the probabilty density for detecting the particle at the position x on the

screen. Show that it does not exhibit inteference. Hence the which-way detector destroys

the interference.

(c) 10% A quantum eraser is introduced by rotating the 1-bit detector to detect |±〉 state

with |±〉 = 1√
2
(| ↑〉 ± | ↓〉). Show that inteference will show up in the probaility density

|〈+|ψ(x)〉|2 or |〈−|ψ(x)〉|2.

For the case of delayed quantum eraser in this setup, it corresponds to the situaton that

one looks at the which-way detector after the particle hits the screen. Would the probaility

density |〈+|ψ(x)〉|2 or |〈−|ψ(x)〉|2 change? This explains the results of delayed quantum

eraser that we showed in class.
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Figure 1. Schematic diagram of a two-slit interference experiment in the presence of
a 1-bit which-way detector.

the quanton behave like a wave or a particle, much after it has been registered on the
screen. This apparent "retro-causality" is still a subject of discussion [9–11].

Quantum eraser has now been experimentally realized by various people using
photons [14–24]. There have been some other proposals using neutral kaons [25],
using a modified Stern-Gerlach steup [26, 27], and also using atoms in an optical Strern-
Gerlach model [28]. The idea of quantum eraser has also been generalized to three-path
interference [29].

Here we take a fresh look at the delayed choice quantum eraser and analyze various
issues which have been under debate.

2. Two-Slit Interference and Quantum Eraser

In the following we briefly explain the basic idea behind quantum eraser. Consider a
quanton going through a double-slit, and let |ψ〉 be the state of the quanton when it emerges
from the double-slit:

|ψ〉 � 1√
2

[|ψ1〉 + |ψ2〉
]

, (1)

where are ψ1,ψ2 are states localized at the location of slits 1 and 2, respectively. The
states ψ1,ψ2 are orthogonal because of their spatial separation. The quanton travels to
the screen and the probability of it landing at a position x is given by

|〈x |ψ(t)|2 �
1
2
[|ψ1(x, t)|2 + ψ2(x, t)|2

+ψ∗1(x, t)ψ2(x, t) + ψ∗2(x, t)ψ1(x, t)] , (2)

where the last two term represent interference. In the subsequent discussion we will drop
the label t, and will just assume the state on the screen to be the time-evolved state.

The age-old question is, which slit did the quanton go through? To address this
question, let us introduce a which-way detector at the double-slit, as shown in FIG. 1.
Although which-way detection can be implemented in a variety of ways, we just consider a
1-bit detector, like a quantum spin−1/2, without assuming a specific form of it. The which-
way detector gets entangled with the states of the two paths, and the combined state of the
quanton and which-way detector is given by

|Ψ〉 � 1√
2

[|ψ1〉| ↑〉 + |ψ2〉| ↓〉
]

, (3)

FIG. 1: Schematic plot of a two-slit interference experiment in the presence of a 1-bit which-way

detector.

Ex.2 When an operator Â satisfies Â2 = Î,

(a) 10% show that Û ≡ eiθÂ = cos θÎ + i sin θÂ by using the definition of the exponential



of a matrix, eÂ ≡
∑n=∞

n=0
Ân

n!
= Î + Â+ Â2

2!
+ Â3

3!
+ · · · .

(b) 10% If Â is Hermitian, find Û † and Û−1. Is Û unitary?

Ex.3 20% page 71 problem 3-8.

Ex.4 10% Page 72, problem 3-9

Ex.5 The state space of a certain physical system is three-dimensional. Let {|u1〉, |u2〉, |u3〉}

be an orthonormal basis of this space. The kets |ψ1〉 and |ψ2〉 are defined by :

|ψ1〉 =
1√
2
|u1〉+

i

2
|u2〉+

1

2
|u3〉

|ψ2〉 =
1√
3
|u1〉+

1√
3
|u2〉

(a) 5% Are these kets normalized?

(b) 5% What is 〈ψ1|ψ2〉?

Ex.6 10% Suppose that we do a measurement of the observable Ô on some particle and

get the value α. Using the concept of ”collapse of state”, argue that after the measurement,

the state of the particle has to be an eigenstate of Ô with eigenvalue of α.


