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Editorial Note: This manuscript has been previously reviewed at another journal that is not operating 

a transparent peer review scheme. This document only contains reviewer comments and rebuttal 
letters for versions considered at Nature Communications. 

REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): 

This reviewer report is in regards to a second review of the manuscript "A high-fidelity quantum 
matter-link between ion-trap microchip modules" by M. Akhtar et al. 

I thank the authors for their detailed and thoughtful responses to the issues raised in the previous 
version of this manuscript. I agree that the work has been substantially improved by these revisions. 

My only lingering concern is the justification for omitting the motional excitation accrued during 

transport between the two trapping modules. The authors write "From a topological view, the ion 
transport between adjacent modules is not different to ion transport within an ion trap array." They 
then go on to cite previous demonstrations of low-excitation shuttling within a trap array contained in a 

single module. It seems to me that the investigation of potential differences between operating with 
multiple modules as opposed to within a single module lies at the heart of this manuscript. For 

example, the measurements of the internal state coherence following transport are largely motivated 
by the desire to show the robustness of the coherence to transport between modules. Given that 
significant heating during transport was observed, as shown by the limits placed on the number of 

links that could be achieved, measurement of the magnitude of the heating would increase the impact 
of this manuscript significantly. 

Having said this, the manuscript in its current form is still a valuable addition to the literature and will 
be useful to others in the field who seek to construct larger ion-trapping systems comprised of multiple 

modules. 

Reviewer #3 (Remarks to the Author): 

I am grateful to the authors of this manuscript for respectfully responding to my comments on their 

previous revision. After reviewing their responses to my initial comments, I can confirm that this work 
is original and of interest to the scientific community concerned with engineering trapped-ion based 

quantum computers. Further, the manuscript is clear, demonstrates the use of proper methods and 
contains sufficient detail for the experiment to be reproduced. However, I regretfully am not yet 
convinced that the impact of this work is high enough to merit publication in Nature Communications. 

My principal concern is that the experimental progress demonstrated here is too incremental for 

Nature Communications. I would expect a manuscript in this journal to at least describe the solution to 
a critical problem obstructing a larger scientific goal. While the high efficiency inter-chip transfer 
demonstrated may be important in the long term, I don't think the authors sufficiently justify that it is 

critical to scaling trapped-ion quantum computers (TIQCs). As far as I know, the utility of shuttling-
based TIQCs are not currently limited purely by number of qubits but more so by gate errors and the 

long time required to re-cool shuttled ions - two considerations that are largely left out of this 
manuscript. As such, this paper would be stronger if it placed the technological development they 

demonstrate in a broader context and addressed the interleaving experimental concerns that would 
determine if this work is really going to change the course of TIQC design. 

For example, the authors rely heavily on the vision of Ref. 16 (Lekitsch et al.) to argue the promise of 
their apparatus,which calls for implementation of tesselated ion trap modules capable of driving laser-

free gates. Yet not only can the authors not give assurances about the feasibility of tesselation 



beyond two chips, but the authors also do not discuss whether or not the necessary additional control 
lines required for the gates mentioned in Ref. 16 can be integrated into their new design. Nor do they 

discuss the issue of motional heating, which is already a serious limitation to shuttling-based trapped 
ion quantum computers and could be worse in their scheme. 

Additionally, the authors of this manuscript are not able to rigorously define the potential problems 
associated with phase offsets potentially arising from field inhomogeneities at the chip boundary due 

a lack of magnetic shielding, a problem that will become more critical if their strategy were to be 
combined with the magnetic-field-sensitive qubits required for the laser free-gates mentioned in Ref. 

16. It may be that this manuscript can stand on its own without relying fully on the scaling arguments 
of Ref. 16, but in that case I think it should be clearly stated that the number of qubits on a single chip 

is not currently a limiting factor for the utility of TIQCs and the conditions under which the number 
would become critical should be outlined. 

While I appreciate the authors' detailed correction of my incorrect statement regarding the connectivity 
of the shuttling, I still think that the comparison between the two scaling strategies is too strongly 

stated. It has been ten years since diabatic shuttling with minimal motional excitation has been 
demonstrated and, as far as I know, it has still not been successfully combined with the 
implementation of programmable quantum gates (excepting very recent results which hint at it). But 

given how little successful adoption of this technique there has been, is it fair to completely disregard 
the amount of re-cooling time that is typically associated with shuttling in making a comparison to 

photonic scaling? In other words, it seems that in calculating the shuttling-based entanglement rates, 
the authors assumed mostly fundamental, rather than technical limitations. But in calculating the 
photonic entanglement rates, they only considered rates which have already been achieved, which 

include technical limitations of various kinds which may be alleviated in the future. 

On a related note to that above, while it makes sense to focus on the contrast between photonically 
networked QCs and shuttling-based TIQCs, it should be pointed out that these are not the only 

proposals out there. For example, PRX Quantum 3, 010344 can be cited as an additional alternative. 

Finally, I would strongly encourage the authors to reconsider the referees' comments regarding the 

term fidelity. Although I find the lengthy justification in their response to be compelling, I would worry 
that other readers of this manuscript - who will not have read this justification - will have the same 

negative response as all three referees did. Therefore, if the authors do not choose to change this 
wording, they will run the risk of other readers dismissing their work. 

Reviewer #4 (Remarks to the Author): 

The manuscript presents a first experimental implementation of shuttling of a single ion between two 

adjacent, but independent, trap modules. The Authors present convincing data that they can reliably 
transfer the ions between the two modules providing an alternative to photonic interconnects in the 

context of scaling trapped ion quantum computers (TI QCs). They additionally prove that during 
transport the coherence of the qubit state encoded in the hyperfine states of the ion is maintained, a 

fundamental requirement for QCs. The results are a potentially significant step forward toward the 
scaling of TIQCs, although not in the sense of large-scale quantum networks, but currently, or at least 
to my knowledge, lack other interdisciplinary applications aside from TI quantum computing. 

Comments: 

1) page 1 line 22, I still think that the number of nines in the transport fidelity is excessive. If the 

transport in the future is characterized even better and more nines are added it would become half a 
line long.... I think that the error rate already achieved is sufficiently high that one needs to start 

presenting it in terms of error rate (~7e-8) instead of pure percentage as has been done so far. 



2) page 2, line 2, the Authors state "modular QCs capable of hosting millions of trapped-ion qubits". I 

believe that millions is strongly misleading. Following the explanation of the authors in page 3, lines 2-
10, at least 39 modules would be required to reach 10^6 qubits, twice the number for the "millionS". 

Assembling that many modules together is intrinsically another challenge in itself. I would suggest 
changing it for "large amounts of" or similar. I feel like "millions" is a too quantitative value at this 
stage, although this result is indeed valuable and points in the direction of a larger qubits number than 

the ones currently available. 

3) page 2, line 9 "physicial implementations 2–7." Typo on "physical". Although from the gate 
approach experience of the authors it is clear the reason for the citation of the work from Srinivas et 

al., I feel that it would be fair to also add the current highest fidelity two qubit gate implemented with 
lasers on trapped ions: Clark et al. Phys. Rev. Lett. 127, 130505. 

4) page 4, lines 19-20 "Furthermore, for a QC architecture based on quantum matter-links, multi-
species gates are not necessary." I do not think this statement is necessarily true how it is put right 

now, it might be necessary for state readout or sympathetic cooling in some experimental schemes. I 
think that what the Authors want to say is that no additional ion species is required to transfer the 
information itself, i.e. they refer to the transport not to the architecture. It should be written something 

as "Furthermore, for transport of information in a QC architecture based on quantum-matter links,..." 
were the correlation between the transport and the need of a secondary species is explicit. 

5) page 5, line 10-12. I think a useful addition to the sentence would be the distance that separates 
the two transport points. 

6) page 9, lines 26-27 "The ion travelled 10.26 km at an average transport speed of 1.66ms−1." Has 

the speed been kept constant within the single transport link instead of being adiabatically ramped up 
and down? i.e. if the ion went from zero to cruise speed that's an instantaneous acceleration which 

might as well explain the high motional excitation of the ions after the transport observed by the 
Authors. If the speed was actually constant I think the Authors should write it in the main text or as a 
minimum in the methods section. 

7) page 10, line 4 "The ion-transport rate was limited by hardware constraints." Is that true? This is 

partially a curiosity question from my side. Has predistortion of the DC transport signal been tried? It 
would allow to compensate for a part of the hardware limitation, i.e. DC filtering, until hitting the 
physical limits of the maximum voltage on the DAC board. 

8) page 12, line 1-4 I think the sentence as is right now is not extremely useful in explaining it as a 

limitation in increasing the number of transports. As it is phrased right now it still feels like an arbitrary 
choice done for optimization and not a causal relation that fundamentally limits the experiment. It 
would be more useful to state that a larger number of links was not implemented due to the heat 

induced by the transport which in turn affected the fluorescence of the ion. Making this clear would 
help other readers to also understand why heat gained per transport has not been measured since 

they are related. I would suggest something like "... Ramsey sequence was limited to 100, due to the 
large amount of heat gained in the transport affecting the fluorescence." or similar. 

9) page 14 section "Surface-electrode ion-trap modules". No detailed information is provided on the 
specific structure of the RF rails at the interconnection point between modules aside from "precision 

alignable edge", even the main text is vague. What is the shape of the electrodes at the endpoint of 
the rails? From my understanding it should be a simple linear cut as in Lekitsch et al or fig 2)c. 

Additionally what is the distance from the end of the electrodes to the end of the substrate/beginning 
of gap? This distance might be critical for people interested in reproducing the results, is it effectively 
zero? I also think that this section should present a picture (SEM preferably or if unavailable a 

schematic in scale of the actual trap section) of the end rails to allow readers to actually visualize how 
the electrodes ends at the interconnection. Fig 2c) is deemed an illustration and not representative of 

the actual experimental conditions reported. 



10) page 15 line 9, I suggest adding again here the link time (412.5 us) to improve understanding. 

11) page 16, line 5-7 "The axial trap frequency is νax = ωax/2π = 141(1) kHz and the radial 

frequencies are νrad = ωrad/2π = 1.15(3) and 1.31(3)MHz." I feel that this information is important 
enough to be added to the main text. I was effectively looking for it since motional mode frequencies 
are strictly connected to ion transport. 

12) page 16, line 11-12 "The cost function is constructed to fulfil the following criteria:" the information 

on the cost function is vague, what is the relative weight for the three subcost function? Have they 
been simply summed? Sum of the exponentials? I think more mathematical details are required to be 

able to reproduce it given that the transport is at the heart of the subject of the manuscript. 

In regard to comments of the previous Referee #2: 

Mostly the comments have been addressed in a satisfying manner. There are only a few points left in 
my opinion: 

B) I think the newly introduced discussion from page 6 lines 13-21 is well written, but still lacks a 
physical explanation for how the drifts might arise for the non-experts, i.e. why are they actually 

expected to happen. 
D) I think this comment has been discussed by the authors, but my own personal opinion still differs, 

see my comment number 1). 
6) The new detailed data on the trap structure is indeed very useful, I think that a useful information 
for reproducibility that is still missing would be the thickness of the electrodes. 

9) I think this comment has not yet been properly addressed, see my own comment number 8). 
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REVIEWERS' COMMENTS

Reviewer #4 (Remarks to the Author): 

I thank the Authors for their response. All my comments have been properly addressed and I consider 
the manuscript suitable for publication. 


