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Computation in Sciences

• What was science like before computers were available?

• Computation has made a huge impact in ALL scientific disciplines

– Computational Physics, Computational Chemistry, Systems Biology

– Numerical simulation and CAD in vast areas of science and engineering

– Expanding to machine learning and AI, impacting in all areas of society

• Development of new computational methods vs advanced hardware

– Progress in HW is critical in the early days to get ideas flowing

– Methods development accelerates the impact faster than new HW

New science is enabled by computational technology!! 
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“A quantum computer differs more from a classical computer……

What is a Quantum Computer?

…than a classical computer differs from an ABACUS”

William Phillips

1997 Nobel Laureate
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qubit: ۧ|𝜓 = 𝑎 ۧ|0 + 𝑏 ۧ|1
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Quantum Computers and Future of Computing COPYRIGHT IONQ 2022

A classical bit:   0  or 1

Critical Quantum Feature I: Superposition
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qubits:  ۧ|𝜓 = 𝑎 ۧ|00 + 𝑏 ۧ|11

“spooky action-at-a-distance”

(A. Einstein)

Quantum Computers and Future of Computing COPYRIGHT IONQ 2022

Critical Quantum Feature II: Entanglement

entanglement: “wiring without wires”
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GOOD NEWS…
parallel processing
on 2N inputs

a0 |000 + a1|001 + a2 |010 + a3 |011

a4 |100 + a5|101 + a6 |110 + a7 |111

f(x)

…BAD NEWS…
measurement gives 
random result

f(x)

N=300 qubits have more configurations 

than there are particles in the universe!

e.g., N=3 qubits

depends on 
all inputs

…GOOD NEWS!
quantum interference

David Deutsch 

(early 1990s)



21st International Workshop on Advanced Computing and Analysis Techniques in Physics Research 

Bari, Italy, October 25th, 2022

A quantum computer can factor numbers 

exponentially faster than classical computers

39  = 3  13 (…easy)

38647884621009387621432325631  = ?  ?

P. Shor (1994)

1   2   3   4   5   6   7   8   9   10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39

quantum 

wavefunction

𝜓(𝑛)

Quantum Computers and Future of Computing COPYRIGHT IONQ 2022

Application: Factoring Numbers
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Physics of Trapped Ion Quantum Computing



21st International Workshop on Advanced Computing and Analysis Techniques in Physics Research 

Bari, Italy, October 25th, 2022

Search for The “Perfect Qubit”?

• What is a good criteria for defining a “Perfect Qubit”?

𝑇1 = ∞ 𝑇2 = ∞
Zero Decay Errors Zero Dephasing Errors

|0

|1

∆𝐸 = ℏ𝜔
For hyperfine ground state of H,

the spontaneous transition rate 

is estimated to be

2.9x10-15 per second, or

1 per 11 million years

For hyperfine ground state of Cs

Cs nHF = 9 192 631 770 Hz (EXACT!!)

Hyperfine Ground State of an Atom is an ideal choice

| ۧ𝜓 = 𝑒𝑖𝛾 cos
𝜃

2
| ۧ0 + 𝑒𝑖(𝜔𝑡+𝜑) sin

𝜃

2
| ۧ1

• T2 ≈ 1sec baseline (Olmschenk et al., PRA 76, 052314, 2007)

• T2 ≈ 5500 sec (P. Wang et al., Nature Comm. 12, 233, 2021)
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Trapped Ion Hyperfine Qubit: 171Yb+

● Qubit initialization by optical pumping: 

– Very high fidelity (error ~10-6) limited by off-resonant scattering

● Qubit Measurement by resonance fluorescence:

• High fidelity (~10-3-10-4) limited by off-resonant scattering, dark counts

● Single-qubit gates by off-resonant Raman transitions:

• Very high fidelity (~10-4-10-5) limited by spontaneous emission, laser noise

● Two-qubit gates by state-dependent force from Raman transitions:

• High fidelity (~10-3-10-5) limited by spontaneous emission, laser noise



Qubit Technology

80 individual 
171Yb+ atoms

Based on Individual Atoms, with Fully Flexible Control
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N=23 qubits preprogrammed

Loading
zone

Quantum 
Computing 

zone

Autoloading Register
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Quantum Computer
Module
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Plenty of Room for New Physics

● Errors are dominated by systematic and control errors

• Innovation in coherent control and error mitigation techniques

• Robust hardware designs can reduce or eliminate most of these errors

● Error cancellation at the circuit level

● Multi-qubit entangling gates

● Nifty crosstalk cancellation techniques

● Gate performance maintained at dozens of qubits

All In Software!!
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Quantum Computer for Users
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Useful Near-Term Quantum Algorithms
● Quantum Machine Learning (QML): Quantum advantages proven for

Learning complex patterns w/ quantum feature maps (arXiv:2010.02174)

Exponential gain in predicting certain worst-case error (arXiv:2101.02464)

Quantum correlations used in generative modeling (arXiv:2101.08354)

● Quantum Chemistry and Materials Studies

Variational quantum eigensolvers (VQE) for energy estimation

Quantum simulation of dynamics of excitation

Study of quantum many-body phenomena

● Optimization Problems: Quantum Approximate Optimization Algorithm
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QML Example: Nearest Centroid Classifier
Data Set

Fit your model:

Find centroids of

each class of training data

Predict labels of new data:

Compute distance to centroids 

QUANTUMLY to assign labels 

of the nearest centroid

S. Johri et al., arXiv:2012.04145 (2020)

Classification Model

(NCC)
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Results for MNIST Dataset on 8 qubits

40 samples
40 samples

80 samples

200 samples

18

QML NCC: MNIST Database on 8 Qubits

Accuracy of classical
Nearest Centroid
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Results for MNIST Dataset on 8 qubitsOther Examples
• Generating high-resolution handwritten digits

M. S. Rudolph et al.,
arXiv:2012.03924 (2020)

M. Streif et al.,
arXiv:2011.03403 (2020)

• Binary Paint Shop problem with QAOA
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Joint Probability Distribution: Copula

E. Zhu et al., https://arxiv.org/abs/2109.06315

● Ion trap quantum computers are used to explore Multi-variate machine learning 
techniques using copulas

● More efficient traning and Accurate models that capture outliers

After 20,000 Iterations

Classical GAN

After 1,000 Iterations

Quantum GAN

After 26 Iterations

Quantum CBM Target Distribution

From training data
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Quantum Chemistry Example: VQE

Y. Nam et al., npj Quant. Inf. 6, 1 (2020)

Circuit for non-bosonic excitation terms. Several steps are taken to min-

imize the number of entangling gates in implementing the quantum circuit

for generic two-electron interaction terms.

1. First, we need to allocate a qubit to represent each SO considered in

themolecule. By putting frequently-interacting SOscloser to each other, we

can reduce the product of σz operators introduced in the JW transformation

(called JW strings). A simple greedy approach is used to identify the most

frequent interaction between different SOs, and the identified SO pairs are

mapped to nearest-possible qubits until no further mapping may bemade.

2. An adequate ordering of the individual terms in the JW-transformed

H c . c in the Trotterized ansatz circuit can lead to dramatic reduction in the

JW strings between the terms 8. Weorder the terms in the ansatz states such

that theadjacent termshavemaximal overlap in non-identity elements in the

Pauli product, while making sure that at least one overlap is non-σz . This

maximizes the cancellation of the JW strings between the adjacent terms,

simplifying the resulting circuit.

3. A two-electron excitation term that consists of Im(c
†
p c

†
q cr cs ) trans-

lates to theproduct operator Im(σ
p
+ σ

q
+ σ

r
− σ

s
−

N
⌫ σ

⌫
z ) by theJW transfor-

mation, whereσ± = (σx ⌥i σy )/ 2 and theσz product istheJW string. The

corresponding unitary operator takestheform exp[− i✓(
N

⌫ σ
⌫
i )/ 2], where

σ⌫
i 2 { , σx , σy , σz } is the Pauli operator for ⌫-th qubit. We implement

the circuit as shown in (8)a below, instead of a nearest-neighbor-inspired,

“staircase” construction (up to SWAP gates) such as in (8)b. Here, we as-

sumed that all σ⌫
i = σz as a concrete example. The circuit implementation

of thetermexp[− i✓
N N − 1

⌫= 0 σ⌫
i / 2] results in 2(m− 1) CNOT gates, where

m is thenumber of elementsσi that arenot identity, and the common target

qubit for the CNOT gates can be chosen arbitrarily among the m qubits.

a. • •

• •

• •

Rz (✓)

b . • •

• •

• •

Rz (✓)

(8)

To optimize the resulting quantum circuit, we start by choosing the

common target to be one of the four qubits to which either σx or

σy is applied. Here, as a concrete example, we choose the last such

qubit as the common target. Once the JW strings are expressed by the

CNOT gates, the rest of the circuit consists of eight terms that can be or-

dered asσx σx σx σy , σx σx σy σx , σy σx σy σy , σy σx σx σx , σy σy σx σy ,

σy σy σy σx , σx σy σy σy , and σx σy σx σx . This ordering, while not a

unique example, allows us to better optimize the quantum circuit. First, we

perform basis transformation σi 7! σz by applying H or S† H for i = x or

y, respectively. Then, the resulting term always looks like a product of four

σz gates, and the circuit shown in (8)a can be used to implement each term.

The particular order has exactly two basis changes (σx $ σy ) between

adjacent terms resulting in the cancellation of two pairs of CNOT gates be-

tween them, leaving only two CNOT gatesbetween each term. This cancel-

lation is not applicable for the staircase implementation shown in (8)b.

4. The two CNOT gates between the two terms discussed abovecan be

further simplified, and reduced to a single CNOT gate using the following

circuit identity:

• H •
=

S S†

H • S
.

(9)

Noting that any z-rotations, including Sand S† , commutewith thecontrol of

aCNOT gate, and HSH = S† HS† and HS† H = SHSup to aglobal phase,

we can further simplify the single-qubit gates in the circuit by commuting

the S, S† , and H gates to either end of the circuit through the CNOT gates.

The resulting circuit to simulate any two-electron term reduces to Fig. 2d,

and consists of 13 CNOT gates, eight small-angle rotations about z-axis,

and a few H, S, and S† gates to account for the relevant basis rotations.

Circuit efficiency. For a two-electron interaction term over four qubits, we

start with eight instances of the circuit shown in (8) containing 48 CNOT

gates. Our final template circuit in Fig. 2d, which contains 13 entangling

gates, is likely optimal. At least one multi-qubit gate needs to be expended

to transform from onePauli basis to another, and our design requires exactly

one two-qubit gate for such transformation. If a quantum circuit is written

with CNOT as the only available multi-qubit gate, it takes at least three

CNOT gates to compute or uncompute a Pauli product of length four, such

asσx σx σx σy . Given each two-electron excitation operator in thePF-based

implementation includes eight such Pauli products, the 13 CNOT gates in

Fig. 2d is likely aminimum. This circuit optimization is completely general

for a two-electron interaction term applied to any molecule using any basis

set and any order of PF (see (7)).

Higher fidelity two-qubit gates. The number of entangling gates isnot the

sole factor that determines the quality of a quantum computation: it also

depends on the type of entangling gate used. Specifically, a small-angle

XX gate performs better in our trapped-ion QC than a CNOT gate, which

requires the maximally entangling XX(⇡ / 2) gate. Therefore, it is advanta-

geous to convert CNOT gates to small-angle XX gates wherever possible.

Shown below is a circuit replacement rule that may be used to convert

CNOT gates to XX(✓) gates. The rule can be applied to the target circuit

in Fig. 2d to replace four CNOT gates with four XX gates. Assuming the

infidelity associated with a small-angle XX gate is much lower than that

of a CNOT gate, applying this procedure replaces four out of 13 CNOT

gates with small-angle XX gates, bringing about a⇠30% reduction in the

two-electron interaction infidelity.

Rz (✓) Rz (−✓)

• •

•

=

H
XX(✓)

H H
XX(−✓)

H

H H

•

Combining bosonic and non-bosonic terms. A typical UCC ansatz state

contains both bosonic and non-bosonic excitation terms. In thisgeneral case,

we first assign N qubits to represent the occupation of N MOs with a pair

of spin-up and spin-down electrons, and execute thecircuit corresponding to

all bosonic excitation termsfirst. Then, weintroduce an additional N ancilla

qubits all prepared in |0i state. Weapply N CNOT gates, each employing a

qubit used in simulating thebosonic excitation termsasthecontrol qubit and

afresh ancilla qubit as the target. Each pair can now beused to represent the

two SOs corresponding to the MO in executing the remaining non-bosonic

excitation terms in the circuit. An example circuit for N = 4 is shown in

Extended Data Figure 4e.

Thesavings obtained from employing thishybrid approach in executing

the bosonic and non-bosonic excitation terms diminish as the problem size

increases, astherearemorenon-pair excitations than pair excitations in gen-

eral. Nevertheless, for NISQ devices where every saving matters, we find

the reduction to be non-negligible.

Selection of spin-orbitals. In the simulation for small molecules such as

H2 Owherethesolution canbesimulated classically, wehavefull knowledge

over which SOs, each mapping to a qubit, participate in our simulations. In

such cases where the information regarding which SOs are significant in

finding the ground state of the molecule, we may drop those SOs that are

least significant from our simulation. Such information is likely accessible

even in the superclassical regime since, for instance, we may reasonably

expect that core orbitals are less likely to participate in the excitation than

valence orbitals.

Restricting the simulation to the most significant SOs results in qubit

count savings, at the small cost of leaving out those less significant interac-

tions that should in principle be accounted for in obtaining the ground state

energy. In terms of implementation, one may allocate the freed-up quantum

resources to simulating interactions between the moresignificant SOs. This

is thus useful whenever the number of qubits is a limiting factor.

Bootstrap error analysis. In deriving error estimates for the computed en-

ergies, weemploy theempirical Bootstrap technique40. All single-shot sam-

ples for a particular implementation of the circuit are binned, and a random

bootstrap sample S⇤ of the same size as the original dataset is drawn with

replacement from thedata. Similarly, webin all SPAM characterization data

acquired during aparticular run, and draw abootstrap sample from that data

as well. This is repeated five hundred times, and with each bootstrap sam-

ple we compute the circuit energy expectation hH 0 i to build ahistogram of

possible measurements consistent with the empirical data. The mean of this

distribution is reported as the measured value, and the standard deviation

provides a 1σ error estimate.

8

x 8
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Quantum Chemistry Example: VQE

Y. Nam et al., npj Quant. Inf. 6, 1 (2020)
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● Quantum computers provide fundamentally new way of computation

- Started out in Physics, transitioning into technology, FAST

- New types of algorithms enable new types of applications

● Availability of fully-connected programmable quantum computers

- Provides a testing ground for novel quantum algorithms

- Continued performance scaling is key to enabling new approaches

to challenging problems

● Progress in QML, quantum chemistry and QAOA algorithms

- Optimization for hardware provide performance improvements

● Opportunities to explore and enable new approaches computational sciences

Summary and Conclusion
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