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Dear Dr. Phillip Steindel and JoVE editorial team,

We thank you and the five reviewers for the supportive review and suggestions to improve the quality of the manuscript. We have made our best effort to incorporate all the suggestions, combining several when overlap was identified. We believe this manuscript is strengthened as a result and as such thank you all for your time and insight. The following is our detailed response to each review:

Reviewer #1:

Manuscript Summary:
The manuscript provides a very comprehensive summary of the steps and protocol for conducting an in situ multi-beam TEM irradiation experiment. The paper covers basic topics in detail including selection of ion species, SRIM calculations, converting fluence/flux to dpa, etc. The manuscript also present different examples of irradiation experiments, how data may be collected and analyzed, and some representative results. Overall, the paper is a good summary of an emerging technique which can have broad implications in a number of fields.

Response: 
The authors thank the reviewer for the kind view of the manuscript. We are especially appreciative of the views expressed on novelty and broadness of impact of the information presented. 

Major Concerns:
Much of the content in Section 1 (and some in Section 2) is a re-summarization of information which is already well established in the field. While I do not notice anything incorrect in the summary, this reviewer was distracted by reading content which was not new. If possible, it might be more impactful to make this portion of the manuscript more brief, or at least more clearly differentiate the content which is unique and relevant specifically for in situ irradiation. I found the NEW content to be the most interesting and useful part of the manuscript.

Response: 
We recognize that some of the background material covered in the early portions of the protocol are not novel. We have edited the introduction to be more brief by removing several sentences (lines 85-87, 89-91, 95-98) that cover content that is not new. The manuscript is intended to be able to guide a user that is less experienced with irradiation science through each step in the experiment. As such, we included a solid background and foundation for those readers. We agree that the new information specific to in-situ irradiation experiments should be emphasized. Additions to the introduction on lines 141-145 have been made to address this.

Minor Concerns:
The authors have done a nice job emphasizing the importance of avoiding shadowing in two different places in the paper. This is likely very important and merits emphasizing. When using the FIB milling technique (Section 2.3), some scientists have been known to mount the TEM lamellae inside the V shaped posts on the grid (i.e. the two side posts in Fig. 3b). It could be worthwhile to add a specific statement in the manuscript which cautions an experimentalist from mounting the sample inside the V post, highlighting the likely risk of shadowing which would occur as a result.

Response: 
The authors thank the reviewer for recognizing the importance of the placement of the FIB lamellae. We agree that some scientists prefer the V shaped mounting location and that this should be addressed more clearly. A sentence emphasizing the risk of mounting in the V configuration has been added into section 2.3.2, line 426.

Reviewer #2:

Manuscript Summary:
The manuscript entitled "Sample Preparation and Experimental Design for in situ Multi-beam Transmission Electron Microscopy Irradiation Experiments" presents the methodology and design of the coupling of ion irradiation and electron microscopy to study the processes surrounding radiation damage. The information provided will be very valuable to future users of the facility as well as those designing new facilities for the same scientific purpose. The manuscript is well written and articulate. Therefore, this reviewer recommends minor revisions of the paper in its current form.

Response: 
The authors thank the reviewer for the positive view on the usefulness of the protocol for users.  Additionally, we are excited by the comments on inspiring and guiding design of future facilities.

Major Concerns:
Calculation of displacement damage: The thin lamella surfaces act as a strong sink for point defects [1], suppressing the steady state concentration of defects compared to a bulk irradiation. How is this accounted for in the in situ experiment and the calculation of displacement damage?

Response: 
We agree with the reviewer that the application of in-situ TEM irradiation is not to replace or reproduce exact irradiated microstructures from bulk scale ion irradiation or neutron irradiations.  The utilization of in-situ TEM, as noted recently in [Ref. 1], becomes valuable alongside bulk irradiation for understanding dynamical effects (for example: dislocation loop growth, dislocation faulting/unfaulting reactions, phase transitions, and defect-grain boundary interactions). Additionally, although the free surface will affect the defect concentration and evolution, previous in-situ ion irradiation research at the IVEM-Tandem has shown that this can be quantified [Ref. 2] through careful through thickness defect quantification.  We have added the following paragraph addressing these concerns in the introduction section, Lines 151-157:

“The utilization of in-situ TEM irradiation creates an ideal scenario to watch the dynamic evolution of defects created in radiation environments. While this technique provides insight in to defect evolution including loop faulting/defaulting reactions and defect-grain boundary (GB) accommodation mechanisms, significant experimental limitations exist in comparing the defect quantification to bulk scale irradiations due to well-known thin film effects including loss of point defect and defect clusters to the surface 19,20.”

Minor Concerns:
The formula presented on line 198 works for negative ion sources where the negative ion produced is a single element. However, many ion sources (such as the SNICS described in Section 3.1) are more fluent by producing a mixed element compound such as an oxide or hydride which then breaks apart in terminal of the tandem accelerator. In which case, the energy of the positive ion after tandem acceleration and breakdown of the compound in the terminal is proportional to the masses of the two elements in the compound. If this occurs with the experimental setup described in the review, such as possibly with AgO sources, then the formula on line 198 should be revised.

Response: Thank you for highlighting this case. The I3TEM facility does make use of multi-elemental sources. Equation (1) on Line 234 has been revised to address the case of using mixed element compound sources.


Instead of using SRIM which is only on Windows to calculate displacement damage, could another software package such as the faster Monte Carlo program IRADINA [2,3] be used?

Response: IRADINA is a powerful and flexible simulation code. SRIM is described here due to its widespread use in the community making comparison to existing work more straightforward. Additionally, this procedure is aimed towards users with little or no experience, and the SRIM user interface is much more straightforward and easier to implement. 

How would the use of scanning TEM (STEM) with a low dwell time impact the experiments described instead of using conventional TEM?

Response: STEM with a low dwell time would likely be able to achieve a lower overall electron dose compared to conventional TEM. This may be advantageous for materials that are sensitive to knock on events and other forms of radiation damage from high energy electrons as shown in this study on liquid low dose STEM [Ref. 3]. A note clarifying this advantage has been added to 4.1.5, lines 534-537.

Are there references for the environmental stages and the stages for specialized mechanical testing? They should be added to sections 1.4.3 and 1.4.4.

Response: References have been added to 1.4.3 and 1.4.4 to aid reader in finding further information for the different stages.

The use of electropolishing (Section 2.4) may also induce its own issues. Uneven thickness can occur from dissimilar polishing or etching rates between phases of a material. Large thickness gradients can happen in TEM area from jet-polishing 3mm discs. There is also the potential to destroy the previous microstructure if performed on a previously irradiated specimen, such as inducing cavity growth from localized pitting during the electropolishing. Electropolishing is still a preferred method, but not the best for several circumstances. The wording should be clarified.

Response: We agree that preparing TEM samples via electropolishing has its own set of benefits and limitations. Wording in section 2.4 has been changed to clarify the specific benefits and limitations of electropolishing.

A comment on section 3.1.2: Beam profile monitors are generally seen as qualitative measures of the ion beam flux as the electron output and collection from the ion beam striking the filament is not a direct linear correlation. Could more quantitative measures, such as measuring the ion beam flux in a Faraday cup prior to a suppressed aperture be used?


Response: Section 3.1.2 has been changed to more clearly communicate that the Faraday cup is the preferred method of beam current measurement. Additional clarification on the benefits and drawbacks of using the beam profile monitor has also been added on line 464.

Reviewer #3:

Manuscript Summary:
Very useful protocol on sample preparation for in situ TEM characterization and for designing experiments for in situ ion irradiation using the I³TEM facility and similar facilities around the world. Very useful examples are provided.

Response: 
Thank you for the kind view on the protocol and positive outlook on its usefulness.

Major Concerns:

In Section 1.3.2, the authors should reconsider recommending that the "Quick Calculation of Damage" option should be used. Further, they should make clear that the "quick K-P" mode in SRIM is not valid for multi-elemental targets. While the authors are correct that there are competing arguments regarding the use of "quick K-P" and "Full Cascade" options, the "quick K-P" option is a 60-year old approximation that that was derived by Lindhard only for the case of monoatomic materials and has no validity for multi-elemental targets. The "quick K-P" option as implemented does not account for energy transfers between different atoms in a multi-elemental target, which means it has no real physical basis no physical meaning. Unless, the authors want to restrict their protocol to simple metallic systems, they should provide clear guidance to readers who want to study compound semiconductors, intermetallics, complex ceramics, etc., where the "quick K-P" option has no physical basis or validity.

Response:
The topic of the use of quick K-P vs full cascade is an ongoing and important issue under debate in the community. As recently as February 2020 at the TMS conference, there is still heated debate. We see quick K-P as a valid and rapid method for quickly approximating damage events. We have edited the description of section 1.3 as well as in 1.3.2 to emphasize that the protocol, as written serves as a quick method for approximating the damage sufficient for planning in-situ ion irradiation experiments where the focus is on dynamics rather than total dpa. We have provided references to alternate methods more appropriate for reporting dpa data in final publication. We have emphasized that the most important part of the procedure is to record parameters such that they can be replicated.

The descriptions (Sections 1.3.5, 1.3.7 and 1.3.8) should be revised. As written, they seem relevant only to metals and the use of the "quick K-P" option in SRIM. ASTM E521 is a good reference for some metals, but is not a good reference for many compounds and ceramics. The authors may want to provide some guidance on how to obtain displacement energies for materials not in ASTM E521. In compounds, intermetallics and complex ceramics, replacement events can result in anti-site defects, and the determination of displacements should include the replacements (NOVAC.txt file). The author should consider rewording Section 1.3.7 to read "VACANCIES by RECOILS for each target atom at each depth" for "Full Cascade" calculations.

Response: We thank the reviewer for the extensive explanation on how to better clarify the SRIM modeling protocol. Descriptions have been added to 1.3.5 to provide more insight to the reader on how to find threshold displacement energies not found in ASTM E521. Section 1.3, 1.3.6, and 1.3.7 have been edited to provide greater clarity. 


Minor Concerns:
Some minor copy-editing is needed. On line 245, suggest inserting "over" after "range" to read "range over". 

Response: Thank you for catching this error. Line 245 has been edited to read more clearly.

Line 353, suggest inserting "are" after "FIB". 

Response: Thank you for catching this error. Reworded section 2.3 to be clearer.

Under Section 2.4, line 357, suggest inserting "metallic" after bulk (while obvious, electro polishing is limited to metallic materials and should be made clear in this protocol).

Response: Wording in section 2.4 has been changed to clarify the specific benefits of electropolishing.

Reviewer #4:

Manuscript Summary:
The manuscript is focusing on the sample preparation and experimental design for in situ experiment in TEM. It appears to indicate the detail of experimental design and preparation, but it seems not to mention or insufficient on concrete sample preparation for in-situ observation experiment for irradiation damage study. Reviewer recommends to revise this manuscript. Reviewer's comments are indicated as below.

Response: 
Thank you for the kind words regarding the experimental design and preparation included in the protocol. The reviewer’s comments on the importance of preparation specifically for damage evolution are useful and are addressed below.

Major Concerns:
This manuscript may need to specifically indicate not only advantages but also disadvantages of in situ experiment should be mentioned, for instance, the surface effect of thin foil on the observed phenomena, such as excess surface and boundary diffusion, less defect cluster nucleation, and more or less mechanical property change compared to bulk samples, extra defects produced during sample preparation, etc. The author can suggest some technical preparation methods to solve or avoid those problems. For example, the preparation method to make a better sample for in-situ observation should be concretely mentioned, such as flush polishing, gentle mill etc. for removal of surface damage produced by FIB.

Response: We agree with the reviewer that specific advantages and disadvantages should be addressed and have made several changes throughout the paper to highlight this difference. However, we would like to emphasize that this is not intended to be an article on the pro and cons of in-situ TEM. Those arguments should be presented in in-situ TEM or ion irradiation reviews and have been previously reported. This article is on the actual design of experiment and protocol for performing an actual in-situ ion irradiation TEM experiment. The specific advantages and disadvantages have been addressed with the addition of a paragraph in the introduction that describes the ideal uses and limitations of in-situ irradiation TEM experiments with a specific focus on the defect quantification in comparison to bulk specimens, lines 150-157. Specific considerations in FIB sample final polishing to minimize damage have been added to 2.3.3. 

Minor Concerns:
1) E, q, VT, Vs, etc. in text should be indicated in Italic.

Response: Thank you for catching this typographical oversight on our part. The appropriate changes have been made on lines: 232, 236, 237, 305.

2) Figure 4(a) seems not to be well drawn as the rotation angle of 30 degree as indicated (b).

Response: Figure 4(a) has been modified to more clearly represent an angle of 30 degrees.

3) Figure 7, there must be a better example of microstructure evolution under irradiation.

Response: There are several publications that depict microstructure evolution under single beam irradiation cited on line 501. This example was chosen as it complements one of the only examples of microstructure evolution from simultaneous multibeam irradiation seen in figure 8. We want to emphasize the unique capability of simultaneous multiple ion beam irradiation.

4) Figure 8, again, it does not seem an appropriate examples on cavity formation and growth behavior.

Response: There are several publications that depict microstructure evolution under single beam irradiation cited on line 578. This study was chosen as it is one of the only examples of microstructure evolution from simultaneous multibeam irradiation. Again, we want to emphasize this unique application.

5) 3.2 can be merged with 3.1.

[bookmark: _GoBack]Response: The authors recognize that many of the steps in 3.2 are the same as in 3.1. However, there are enough unique considerations in the Colutron accelerator procedure that a separate section is needed to communicate these important differences between the two systems.


Reviewer #5:
Manuscript Summary:
This is a well written true prescription for in-situ TEM execution and observation with simultaneous single and multiple ion beam irradiation. The authors provide easy to follow steps to accomplish this process, including multiple pictures and enough details t be easy to replicate and confirm the accuracy. Note: I am not a microscopist, and could not venture a critique of the specific TEM parts and TEM sample preparation.

Response: We thank the reviewer for his insight and useful scientific feedback despite not being a microsocpist. The perspective is great to have.

Major Concerns:
None

Minor Concerns:
Line 170: "Damage type is determined by the kinetic energy of the ions with higher energies producing larger damage" - MAYBE deeper region of damage?

Response: The damage produced by higher energy ions results in a larger damage region, which means wider as well as deeper.

Line 206: How do you address and monitor the heating of the specimen? perhaps is addressed later?

Response: 
Clarification has been added for temperature control during in-situ experiments in 1.4.1.

Line 253 : How do you cool/keep sample to RT?

Response: This is an important consideration. Sentence added to 1.4.1 to address this question.

Line 370: Maybe mention how you compensate the ion beam displacement by the magnetic field of the TEM?

Response: Clarification in 3.1.1 has been added to specify that TEM conditions during alignment should match those used during the experiment to minimize the effects of the TEM magnetic field on the ion beam. 

Line 380: how do know the beam distribution when it hits the samples? Is it a Gaussian or uniform on the area it hits?

Response: The beam distribution is captured in the burn spot where the center is darker and fades to the outer edge. It is typically assumed to be Gaussian in distribution, but nuances can be seen in the individual burn spot variations. 

Line 404: How do estimate the correct mixture ratio for the light ions and how do you measure the current from these light ions?

Response: For triple beam experiments, the relative concentration of light ions generated in the Colutron accelerator can be roughly controlled using the feed gas mixtures. The beam current from each accelerator can be independently measured to calculate the relative dose of each beam.


Line 406: I don't think that using 10 keV light ion beams would cause and cross-talk to the 10 MeV ions. The cross-talk is insignificant.

Response: We agree there is no significant cross talk between ions. However, in the I3TEM facility, activating the bending magnet that steers the ions from the Colutron accelerator to be co-linear with the Tandem accelerator will affect the ions from the Tandem, and additional corrections will need to be made due to this change.

We thank all five reviewers and the JoVE editorial team for all of their comments and suggestions. We believe the manuscript is significantly stronger as a result and of greater impact to the community. 
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[2] Li, M., Kirk, M., Baldo, P., Xu, D. & Wirth, B. Study of defect evolution by TEM with in situ ion irradiation and coordinated modeling. Philosophical Magazine 92, 2048-2078 (2012).

[3] Abellan, P. et al. Factors influencing quantitative liquid (scanning) transmission electron microscopy. Chemical Communications 50, 4873-4880 (2014). DOI: 10.1039/C3CC48479C

Sincerely,
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Khalid Hattar, Ph.D.
Center for Integrated Nanotechnologies
Sandia National Laboratories
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