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We present a method for visualizing laser-induced ultrafast molecular rotational
wavepacket dynamics. We have developed a new 2-dimensional Coulomb explosion
imaging setup, in which the hitherto impractical camera angle is realized. In our
imaging technique, diatomic molecules are irradiated with a circularly polarized strong
laser pulse. The ejected atomic ions are accelerated perpendicularly to the laser
propagation, and the ions lying in the laser polarization plane are selected through the
use of a mechanical slit, and imaged with a high throughput 2-dimensional detector
installed parallel to the polarization plane. Because a circularly polarized (isotropic)
Coulomb exploding pulse is used, the observed angular distribution of the ejected ions
directly corresponds to the squared rotational wavefunction at the time of the pulse
irradiation. To create a real-time movie of molecular rotation, the present imaging
technique is combined with a femtosecond pump-probe optical setup, in which the
pump pulses create unidirectionally rotating molecular ensembles. Owing to the high
image throughput of our detection system, the pump-probe experimental condition can
be easily optimized by monitoring a real time snapshot. As a result, the quality of the
observed movie is sufficiently high for visualizing the detailed wave nature of motions
of interests. We also note that the present technique can be implemented in existing
standard ion imaging setups, offering a new camera angle or viewpoint for the
molecular systems without further extensive modification.
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Cover Letter

Tokyo Institute of Technology

Department of Chemistry, School of Science
Tokyo, 152-8550, Japan
Sep. 7, 2016

Dear Dr. Jaydev Upponi and Dr. Benjamin Werth
Editors of the Journal of Visualized Experiments

Thank you for the reply and editorial comments on our manuscript,
JoVES4917 "Direct Imaging of Laser-driven Ultrafast Molecular Rotation".

Following Editorial and reviewer’s comments, we have modified the manuscript.
The followings are the replies to the comments.

Because both reviewers recognize the novelty of the present method, and the
Review 1 agree to the submission to JoVE after the minor revision, we hope the
present version satisfy the standard of JoOVE publication.

Editorial comments:
*Many errors in English remain in the manuscript. Additional editing is required prior
to acceptance, should be performed by a Native English speaker. Some specific errors
are noted below:
-Line 60 — “of motions of interests”
-Line 77 — “motionusing”
-Line 78 — “have led” — should be “has”
-Line 103 — “seriously low” — “Seriously” is the wrong word
-Line 124, 213, 295, 740 — “equipments” or “equipment’s”
-1.5.7 — “a standard mounting procedures”
-2.2.2 — “passthrough”
-2.4.2 — “polarizedsecond”
-2.5 — “each pulses”
We are sorry for the typo and some errors due to the unexpected work of Word
program. We have carefully checked the manuscript, and all the above mentioned

errors have been fixed.



eAdditional detail is required:
-2.3.1 —How are the pulses obtained? Is there a particular readout to watch? Is a laser
turned on? Please describe for filming.

New NOTE was added to clarify the origin of the pulse.

-2.3.2 —How are they aligned parallel (are some parts of the apparatus adjusted to
achieve this)? Please describe what actions are being performed for filming.
A sentence and NOTE which describe the detail were inserted in the 2.3.2.

-2.5.1 note — Please clarify “the purpose of two pumps”.
eFormatting: 2.4.3/2.5 — There is a heading for 2.5 at the end of this step, plus an
additional 2.5 heading below it.

Both of them were errors to be deleted. We fixed them.

eVisualization: The protocol is discontinuous. Please highlight 4.2.2 and 4.5.3.2, which

appear to be important for success of the protocol. Make sure that all steps required

for success of the protocol are highlighted for filming (excepting computational steps).
We highlighted the steps you suggested.

eResults: Please provide scale bars in Figure 5.
The scale bar is in the top-right of the figure. The second column is also scaled in the
polar plot. The third cannot be scaled, because they are schematics as indicated in the

caption.

*JoVE reference format requires that the DOIs are included, when available, for all
references listed in the article. This is helpful for readers to locate the included
references and obtain more information. Please note that often DOIs are not listed
with PubMed abstracts and as such, may not be properly included when citing directly
from PubMed. In these cases, please manually include DOIs in reference information.

DOl info are now included.

Please include a line-by-line response letter to the editorial and reviewer comments

along with the resubmission.

Reviewer 1:



>> | especially like the expanded discussion on how the "time zero" of this experiment
is achieved
We added detailed NOTE in 2.5.1 to clarify this.

Major Concerns:
1. Other 3D techniques should be cited such as Vallance and co-workers and Li and
co-workers in the introduction.

We added all the important reference as recommended.

Minor Concerns:
2. Section 2 - Construction of the optical set-up; it would be helpful to describe the
types of optics used (such as are the beamline mirrors all metallic or dichroic high
reflectors). Nothing more than a sentence is needed on this.
3. More information regarding the optical set-up could be provided. For example, the
NLC (Non-linear Crystal) material + thickness + cut and importantly the conversion
efficiency should be added. Additionally, some samples of the laser power along
different parts of the beam would also be instructive. Many of these could be simple
additions added to Figure 3, or a few extra lines of text.

In section 2, the types of optics and NLC are indicated and some of them are listed in

the materials list.xls. Laser pulse energy is shown through the section 2.

4. Do they use any additional pulse control to remove any chirp introduced from the
beam line? Or is the pulse pre-chirped for highest power or temporal pulse duration at
the experiment?
5. The authors should state their cross correlation of their three beams as this limits
the ultimate temporal resolution

The new sentences and NOTE have been added in the 2.5.6 to address the above two
comments.
6. What are the rotational levels of N2 are present in the ensemble in the molecular
beam? And what is its rotational period?

We added descriptions for this in 1.8, 4.2.3, and 4.5.4.
7. What causes their laser stability issues? Is it vibrations through the table or thermal
effects changing the laser pointing? It is worth mentioning for readers who are
interested in building a similar set-up.

Some details on the laser stability are given in the Discussion section.

Reviewer 2:



>>(1) their protocol contains many very detailed instructions, some indeed very
important for proper implementation of the technique, but many others completely
meaningless,...

>>(2) their protocol provides a detailed description of the methods that they use in the
laboratory, but more of than not, fails to describe the reason for a certain action. That
makes the protocol more difficult to follow and less useful than it should be. For
example, in 1.2 the authors write "Attach the pulsed valve to the chamber partition
using four threaded posts (15 cm, diameter 12 mm), ...

Most of the suggested points relate to the NOTE added to follow the Editorial
comment for previous revisions. We agree with the reviewers comment “but
meaningless (and more than likely, wrong) for similar setups that other researchers
would put together, unless their setup becomes an exact clone of the setup used by
the authors”, but we also have to describe details on apparatus in order to clarify what
we actually built up. Therefore, we added many comments and NOTEs throughout the

manuscript to notify the essence of the procedures and meaning of details.

>>In order for the protocol to possibly become such a useful resource, | think it is
essential that the authors alter the scope of the protocol, limiting the protocol to the
novel aspects of the method that they have developed

Following the editorial policy of JoVE, we think limiting the procedure description is
not suitable and then, we just added comment on the specificity of the present
manuscript and the notification of the readers who would like to use the present
method.

We hope this modified manuscript is satisfactory for the editor and reviewers.

Sincerely,
Kenta Mizuse, Ph.D.
Assistant Professor
Department of Chemistry,
Tokyo Institute of Technology

Yasuhiro Ohshima, Dr.Sc.
Professor
Department of Chemistry,
Tokyo Institute of Technology
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SHORT ABSTRACT:

We present a protocol for creating a real-time movie of a molecular rotational wave packet
using a high-resolution Coulomb explosion imaging setup.
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LONG ABSTRACT:

We present a method for visualizing laser-induced, ultrafast molecular rotational wave packet
dynamics. We have developed a new 2-dimensional Coulomb explosion imaging setup in which
a hitherto-impractical camera angle is realized. In our imaging technique, diatomic molecules
are irradiated with a circularly-polarized strong laser pulse. The ejected atomic ions are
accelerated perpendicularly to the laser propagation. The ions lying in the laser polarization
plane are selected through the use of a mechanical slit and imaged with a high-throughput, 2-
dimensional detector installed parallel to the polarization plane. Because a circularly-polarized
(isotropic) Coulomb exploding pulse is used, the observed angular distribution of the ejected
ions directly corresponds to the squared rotational wave function at the time of the pulse
irradiation. To create a real-time movie of molecular rotation, the present imaging technique is
combined with a femtosecond pump-probe optical setup in which the pump pulses create
unidirectionally-rotating molecular ensembles. Due to the high image throughput of our
detection system, the pump-probe experimental condition can be easily optimized by
monitoring a real-time snapshot. As a result, the quality of the observed movie is sufficiently
high for visualizing the detailed wave nature of motion. We also note that the present
technique can be implemented in existing standard ion imaging setups, offering a new camera
angle or viewpoint for the molecular systems without the need for extensive modification.

INTRODUCTION:

For a deeper understanding and better use of the dynamic nature of molecules, it is essential to
clearly visualize molecular motions of interest. Time-resolved Coulomb explosion imaging is
one of the powerful approaches to achieve this objective!3. In this approach, the molecular
dynamics of interest are initiated by a pump ultrashort laser field and are then probed by a
time-delayed probe pulse. Upon probe irradiation, molecules are multiply-ionized and broken
into fragment ions due to the Coulomb repulsion. The spatial distribution of the ejected ions is
a measure of the molecular structure and spatial orientation at the probe irradiation. A
sequence of measurement scanning the pump-probe delay time leads to the creation of a
molecular movie. It is noteworthy that, for the simplest case—diatomic molecules—the angular
distribution of the ejected ions directly reflects the molecular axis distribution (i.e., the squared
rotational wave function).

With regard to the pump process, recent progress in the coherent control of molecular motion
using ultrashort laser fields has led to the creation of highly-controlled rotational wave
packets*>. Furthermore, the direction of rotation can be actively controlled by using a
polarization-controlled laser field®®. It has therefore been expected that a detailed picture of
molecular rotation, including wave natures, could be visualized when the Coulomb explosion
imaging technique is combined with such a pump process®'3. However, we sometimes
encounter experimental difficulties associated with the existing imaging methods, as
mentioned below. The purpose of this paper is to present a new way of overcoming these
difficulties and of creating a high-quality movie of molecular rotational wave packets. The first
experimental movie of molecular rotation taken with the present method, along with its
physical implications, were presented in our previous paper*l. The background of development,
the detailed theoretical aspect of the present imaging technique, and a comparison with other
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existing techniques will be given in a forthcoming paper. Here, we will mainly focus on the
practical and technical aspects of the procedure, including the combination of the typical
pump-probe optical setup and the new imaging apparatus. As in the previous paper, the target
system is unidirectionally-rotating nitrogen molecules!?.

The main experimental difficulty of the existing imaging setup, schematically shown in Figure 1,
has to do with the position of the detector, or the camera angle. Because the rotational axis
coincides with the laser propagation axis®?® in laser-field-induced molecular rotation, it is not
practical to install a detector along the rotational axis. When the detector is installed so as to
avoid laser irradiation, the camera angle corresponds to a side observation of rotation. In this
case, it is impossible to reconstruct the original orientation of molecules from the projected
(2D) ion image'*. A 3D imaging detector'*1°, with which the arrival time to the top detector and
the ion impact positions can be measured, offered a unique way to directly observe molecular
rotation using Coulomb explosion imaging'®'2. However, the acceptable ion counts per laser
shot are low (typ. < 10 ions) in the 3D detector, meaning that it is difficult to create a long
movie of molecular motion with high image quality!4. The dead time of the detectors (typically
ns) also affects the image resolution and imaging efficiency. It is also not a simple task to make
a good pump-probe beam overlap by monitoring a real-time ion image with a laser repetition
rate of < ~1 kHz. Although several groups have observed rotational wave packets using the 3D
technique, the spatial information was limited and/or direct, and a detailed visualization of
wave nature, including complicated nodal structures, was not achieved®12,

The essence of the new imaging technique is the use of the “new camera angle” in Figure 1. In
this configuration, laser beam exposure to a detector is avoided while the 2D detector is
parallel to the rotational plane, leading to the observation from the rotational axis direction.
The slit allows only the ion in the rotational plane (the polarization plane of the laser pulses) to
contribute to an image. A 2D detector, which offers a higher count rate (typ. ~100 ions) than a
3D detector, can be used. The setup of the electronics is simpler than in the case of 3D
detection, while the measurement efficiency is higher. Time-consuming mathematical
reconstruction, such as Abel inversion!4, is also not needed to extract angular information.
These features lead to the easy optimization of the measurement system and to the production
of high-quality movies. A standard 2D/3D charged-particle imaging apparatus can be easily
modified to the present setup without the use of expensive equipment.

PROTOCOL:

NOTE: Through this protocol, we clarify what we actually did to develop the present method.
Exact parameters, including chamber and optical setup design and the sizes and types of the
parts, are not always essential to apply the present system to the reader’s apparatus. The
essence of the procedures will be given as notes in each step.

1. Construction of a 2D-slice imaging apparatus

NOTE: Throughout this step, all the commercially-available parts and equipment, such as a
vacuum pump and a detector, are installed according to the manufacturer’s instructions or
user’s manuals.
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1.1) As in the construction of a typical 2D/3D ion imaging apparatus'4, design and build a
differentially-pumped vacuum chamber that has enough space to accommodate a pulsed valve,
molecular beam skimmers, ion optics (a stack of 100-mm rings with a 50-mm hole), an off-axis
ion imaging unit (a pulsed repeller electrode and a stack of microchannel plates backed by a
phosphor screen), and an ion flight tube (> 200-mm drift region) .

1.2) Attach the pulsed valve to the chamber partition using four threaded posts (15 cm, ¢12
mm), for which bolt holes on the partition are concentric to the chamber. Install the molecular
beam skimmers to the chamber partition directly in front of the nozzle using a keep plate.
NOTE: In the construction of an ion imaging apparatus, it is essential that the molecular beam
axis and laser beam axis intersect at the axis of the ion optics. To achieve this, it is convenient
to define the molecular beam axis as a source chamber axis. Step 1.2 is for this purpose. In
addition, the skimmer holes should be in line with the nozzle of the valve, ensuring that the
center of the molecular beams can enter the differentially-pumped stage through a skimmer. It
is also important to consider the weight of the pulsed valve; hence, sufficiently-thick threaded
posts must be used to connect the pulsed valve to the partition wall. Maintain the 15-cm
distance between the nozzle and the partition in order to avoid the reflection effect of gas and
skimmer interference®.

1.3) Install ion optics to the final stage of the differentially-pumped chamber, as in a typical ion
imaging setup?l.

NOTE: This step is carried out as follows: The threaded mounting posts are screwed to the
chamber partition. On the posts, a stack of ion optics is locked in place with nuts. Because the
bolt holes for the posts are concentric to the chamber, the axis of the ion optics coincides with
that of the molecular beam.

1.4) Install the optical glass windows (1-mm thickness, 25-mm diameter, fused silica) by placing
a P16 O-ring between a vacuum flange with a hole and a window, so that laser pulses can
intersect the molecular beam.

NOTE: Through these windows, laser pulses can access the middle of the first and the second
ion electrodes and intersect the axis of ion optics.

1.5) Construct an off-axis ion imaging unit (Figure 2).

NOTE: Throughout this step, refer to Figure 2 to verify the 3-dimensional arrangement of the
unit. All the electrode parts (the ion detector and the repeller) are mounted to the 100-mm
baseplate with PEEK bolts, while the other parts are mounted with stainless bolts. The essence
is to mount a 2D imaging detector in the ion drift region so that its detector surface is parallel
to the ion optics axis and perpendicular to the laser propagation axis. Of course, all the parts to
be used in high-voltage should be electrically isolated. We recommend that the distance
between the ion optics (flight) axis and the detector surface is a few mm (in the present case, 5
mm). With a longer distance, it will take more time to push the ions to a detector, and a shorter
distance might result in discharge between the MCP surface and the pulsed repeller.
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1.5.1) Observe the edge of the slit blades (100-mm length) with an optical microscope (~30x)
and/or an optical comparator and confirm that there are no dents or scratches larger than 30
Mm located at edge of the slit blades.

NOTE: The slit blades should be mounted in parallel, and no dents and scratches are acceptable.
The deviation from the parallel leads to the inhomogeneity of ion detection. A defect of the
blade degrades an observed image (see the discussion section).

1.5.2) Using small mounting claws, attach the slit blades to the slit blade holder, which consists
of a pair of 122.4-mm aluminum plates connected with a spring, as in a clothespin. Also insert a
tapered aluminum rod into the “clothes pin.”

NOTE: The slit blades are mounted on the knob side (point of effort) of the clothespin. When a
tapered aluminum rod of a sharpened pencil-like shape is inserted into the pinching side (point
of action) of the clothespin, the slit width becomes larger with increasing depth insertion of the
tapered rod (See Figure 2B). Steps 1.5.2-1.5.4 are for the construction of the slit, the width of
which can be tuned during the imaging measurement. If width tuning is not needed, just install
the slit blade ~10 cm upstream of the ion beam from the detector using suitable mounting
parts as metal claws and go to step 1.5.5.

1.5.3) Attach the tapered aluminum rod to the linear motion vacuum feedthrough
(micrometer/bellows-based, ICF70 size) and mount the slit holder and base to the vacuum side
plane of the feedthrough.

1.5.4) Install the slit unit constructed above onto an ICF70 vacuum port that is perpendicular
both to the detector axis and to the ion flight axis.
NOTE: The position is ~10 cm upstream of the ion beam from the center of the detector.

1.5.5) Set the slit width to 1 + 0.1 mm using a micrometer.

NOTE: For example, the use of a 1-mm slit for the 50-mm Newton sphere (ion cloud)
corresponds to 2% slicing, which is higher in resolution than the standard slice technique??. The
slit width determines the slice resolution; however, smaller widths lead to weaker signals.

1.5.6) Install a pulsed repeller electrode of rectangular (115 mm x 160 mm x 3mm) stainless
plate, as in Figure 2.

NOTE: The pulsed repeller should be parallel to the detector to ensure the homogeneity of the
pulsed electric field between them.

1.5.7) Install a position-sensitive ion detector consisting of a stack of microchannel plates
backed by a phosphor screen so that it is parallel to the pulsed repeller; follow standard

mounting procedure!4?23,

1.5.8) Install a flange-mounted vacuum viewport with a copper gasket to the back of the
phosphor screen.

1.6) Wire the ion optics to high-voltage power supplies and the parts of the detector (a pulsed
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repeller, microchannel plates, and a phosphor screen) to pulsed high-voltage supplies (~50 ns
rise/fall time) via current feedthroughs.
NOTE: Care should be taken to ensure that any cables do not interrupt the observation of the
phosphor screen through the viewport.

1.7) Connect the pulsed valve to the gas inlet (3% N2 gas in He; total pressure of 3 MPa) with a
stainless tube and to the valve controller with a pair of coated copper wires.
NOTE: Both connections pass through vacuum feedthroughs.

1.8) Turn the vacuum pumps on and set the pressure of the imaging detector chamber lower
than 10 Pa, even when the pulsed valve is in operation.

NOTE: A higher pressure might lead to the damage of the high-voltage electrode and detectors.
When the pressure is higher, larger pumps or the reduction of the repetition rate of the valve is
required. Using the present chamber and pulsed valve, a nitrogen molecular beam with a
rotational temperature below 6 K can be generated!!. At this rotational temperature, 99% of
the molecules are in the J < 2 state (J is the rotational quantum number).

2. Construction of a pump-probe optical setup

NOTE: For this step, see Figure 3 to understand where and how the following steps are carried
out. The purpose of this step is to create three collinear fs pulses from a commercial Ti:sapphire
laser amplifier for the pump-probe experiment!l. The first pulse was for molecular alignment
(linearly polarized, center wavelength of 820 nm, peak intensity < 30 TW/cm?), the second was
for the direction control (a delayed replica of the first one, except for the linear polarization
+45° tilted from the polarization axis of the first pulse), and the third was the Coulomb
explosion imaging probe (circularly polarized, 407 nm, 100 fs, 600 TW/cm?). Throughout this
step, all the commercially-available parts and equipment, such as a polarization checker and an
optical stage, are installed and used according to the manufacturer’s instructions or user’s
manuals.

NOTE: Throughout this step, all the optical components are installed and used according to the
standard procedures of optical experiments and the manufacturer’s guide for optics. All the
turning and dichroic mirrors used are dielectric multilayer mirrors in order to avoid laser power
loss during the many reflections in the optical path. Some of the optics and crystals used are
shown in the material list for this article.

2.1) Turn the femtosecond laser (Ti:sapphire amplifier) system on and acquire a laser output of
more than 1.5 mlJ/pulse, a ~35-fs duration, a 820-nm center wavelength, and a 500-Hz
repetition rate.

2.2) Prepare an optical path of the probe (imaging) pulse®2,

2.2.1) Install a nonlinear crystal (BBO, type I, 0.2-mm thickness, 29.2°, for the second-harmonic

generation of an 820-nm light) in the 820-nm optical path to obtain the second harmonics (>
0.2 mlJ) of the fundamental 820-nm laser output. Use the generated second harmonics (407-nm
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light) as a probe pulse after it is reflected by dichroic mirrors and separated from the
fundamental 820-nm light.

2.2.2) Construct an optical path, as shown by the blue line in Figure 3. Using beam-steering
mirror mounts, align this beam to pass through the center of both windows installed in step 1.4.
NOTE: The key components consist of an attenuator (the combination of a half-waveplate and a
polarizer), a motorized linear stage for delay scanning, and waveplates for polarization tuning.

2.3) Prepare an optical path for the pump (rotational excitation) pulses?4-26,

2.3.1) Construct an optical path, as shown by the red line in Figure 3, and obtain a pair of time-
and polarization-tunable fs pulses.

NOTE: The residual 820-nm pulse (~1 mJ) after the second-harmonic generation in step 2.2.1,
ejected from the dichroic mirror, is used to create these pump pulses. The typical pulse energy
of each pump pulse is 0.25 mJ. The key components consist of an attenuator (the combination
of a half-waveplate and a polarizer), a 50:50 beam splitter, a manual linear stage for time-delay
tuning, waveplates for polarization tuning, and a telescope for the spot-size optimization.

2.3.2) By adjusting the tilt of the mirror mounts in the optical path, align the pair of pump
beams to be parallel and make their center pass through the center of both windows installed
in step 1.4.

NOTE: To verify this, an alignment tool, an aluminum block with attached graph paper, is used.
The tool can be placed in the same position with high reproducibility using the tapped hole of
an optical table. Two screw holes in line are chosen as a guide of the parallel path. As the
alignment tool is positioned in one of the holes selected, the beams are aligned so that they hit
the same point of the alignment tool. Repeat the positioning of the tool and the alignment of
the beam until the beam hits the same point of the tool for both alignment-tool positions.
Because the screw holes in the optical table are in line with high precision, these procedures
lead to the creation of the parallel beams.

2.4) Adjust the polarization states of the pulses.
2.4.1) Install a polarization checker just before the pulses enter the chamber so that the laser
pulses hit the detector of the checker.

2.4.2) Adjust the angle of the waveplates using a rotational optics mount in each optical path.
Obtain the circularly-polarized probe pulse, the vertically-polarized first pump pulse, and the
linearly-polarized second pump pulse; for the second pump, tilt the polarization plane 45° from
that of the first pump.

NOTE: With the use of a polarization checker, the polarization state of each pulse can be
visualized as a polar angle-dependent transmission intensity. To obtain a circular polarization,
adjust the waveplate angle to achieve an isotropic image, for example.

2.4.3) Remove the polarization checker from the optical path.
NOTE: The first pump initiates direction-undefined rotation*>°, At the time of the
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instantaneous molecular alignment, the second pump is shined to create an asymmetric torque
and to start the unidirectional rotation?13, Since a circularly-polarized probe pulse ionizes the
molecules without angular preference in the polarization plane, it is suitable for an angular
distribution measurement.

2.5) Find the temporal overlap of each pulse.

2.5.1) Install a nonlinear crystal (BBO, 0.2-mm thickness, type 2, for the third-harmonic
generation of 820-nm light), an optical window that has the same thickness (3 mm) as the sum
of the chamber window (1 mm) and the focusing plano-convex lens (2 mm), and a dispersion
prism just before the pulses enter the chamber.

NOTE: A standard procedure to determine the time zero (temporal overlap of the pump and
probe pulse) in the pump-probe experiment is to detect a nonlinear response, which is
observed only when both the pump and the probe pulse simultaneously interact with a
medium. Here, the temporal overlap of the 407-nm probe pulse and the 820-nm pump pulse in
the nonlinear crystal leads to a 267-nm generation. We have to estimate the temporal overlap
of the beams in the vacuum chamber while step 2.5.1 is carried out before the pulses enter the
chamber (and the focusing lens and chamber window). Therefore, to compensate the time
delay introduced by the chamber window and the focusing lens, a 3-mm optical window is
installed. Two pumps and one probe pass through the window and then the crystal, and they
are subsequently dispersed by a prism. Place a sheet of white paper after the prism to detect
the generation of the 267-nm third harmonics as a white-blue fluorescence. All the mentioned
parts are mounted on an optical holder.

2.5.2) Block the line of pump 2 in Figure 3 with a beam dumper.

2.5.3) Pressing the move button on a stage controller, scan the motorized stage and find a 267-
nm generation,.

NOTE: When the optical path length of the pump and probe pulses are the same within the
duration of the laser pulses, a third-harmonics signal appears. This stage position is regarded as
time 0, during which both the pump and the probe are simultaneously hitting the molecules.

2.5.4) Block pump 1 and unblock pump 2 (remove the beam dumper).

2.5.5) Scan the um-based manual stage installed in the pump 2 line and find the position at
which the 267-nm emission occurs.

2.5.6) Remove the crystal, the window, and the prism from the optical line.

NOTE: At this stage, the three pulses are temporarily overlapped at the molecular beam within
the laser durations. The time resolution of the setup can be measured as a cross-correlation by
monitoring and plotting the 267-nm energy while scanning the motorized stage in the probe
path. In the present setup, the full width at half maximum of the correlation function is ~120 fs.
The pulse width is optimized to obtain the highest power output of the second harmonics. After
the second-harmonic generation, the pulses pass through glass lenses, waveplates, dichroic
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mirrors, polarizers, and the chamber window, leading to a chirp. Because the group delay
dispersion of the materials in the 400-nm region is much larger than in the 800-nm region, we
minimize the transmission optics in the probe path. To improve the time resolution, dispersion
management, including a chirped mirror system, will be helpful.

3. Setup for a measurement system

NOTE: Throughout this step, all the commercially-available parts and equipment, such as a
power supply and delay generators, are installed and used according to the manufacturer’s
instructions or user’s manuals.

3.1) Pulse synchronization
3.1.1) Divide the 80.8-MHz output of a femtosecond oscillator to 500 Hz with a fast frequency-
divider, and use this divided output to trigger digital delay generator 1 and a fs amplifier.

3.1.2) Use one of the delayed outputs of delay generator 1 as a trigger for the pulsed valve.
NOTE: Limit the repetition rate of the valve to maintain acceptable vacuum conditions (less
than 1073 Pa, for example). In this case, we set the value to 250 Hz.

3.1.3) Install a fast photodiode equipped with a 400-nm transmission filter just after the beams
exit the chamber, and use the output of this diode as a trigger for digital delay generator 2.
NOTE: The probe pulse is used as a time origin for the ion imaging electronics.

3.1.4) Connect three high-voltage switches to digital delay generator 2 with coaxial cables.
3.2) Turn all high-voltage power supplies and switches on.

3.3) Increase the voltage to the target values.

NOTE: The target voltages depend on the size of the apparatus and the system of interest.
Typical values in the present case are shown in the caption of Figure 1. To obtain undistorted
images, fine-tuning the bias voltages is required!® (see step 4.1.7). A rapid increase in the
voltage value might result in the discharge of or damage to the electronics system. We
recommend an increase of less than 100 V/s for daily operation and an increase of 100 V/300 s
for the first use in a vacuum.

3.4) Installation and positioning of the imaging camera

3.4.1) Install a digital camera equipped with a f = 25 mm camera lens on the optical post in
front of the vacuum viewport set in step 1.5.5. Ensure that the camera axis is perpendicular to
the detector surface. Because the viewport is perpendicular to the floor level, use a water-level
guide to align the camera base horizontally relative to the floor.

NOTE: Fine adjustments of the position are done in a later step.

3.4.2) Install a cooling fan for the camera so that the wind hits the camera from the back.

3.4.3) Cover the region between the camera lens and the vacuum viewport with a curtain so
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that unwanted light, such as ambient room lighting, does not enter the camera.
3.4.4) Connect the camera to a computer via a USB 3.0 port.

3.4.5) Start the camera control software and maximize the gain of the camera by entering the
maximum value in the gain control section of the software.

3.4.6) Set the image size to typ. 1200 x 750 pixels.

NOTE: Although a larger image size leads to higher resolution, the data rate of the USB 3.0 port
limits the acceptable frame rate. At the present settings, more than 250 fps can be achieved,
which is high enough to obtain an image for every gas pulse loading (250 Hz).

3.4.7) Start capturing images with the camera by clicking the “Grab” button. Manually adjust
the position of the camera so that the image covers the entire area of the 2D detector. Fix the
camera mount with a bolt.

3.4.8) By monitoring a real-time captured image, adjust the focus ring of the camera lens so
that the bright ion spot size becomes the minimum.

4. Measurements

NOTE: The measurement method used here is a combination of reported procedures'*?” and
the present imaging setup. Throughout this step, all the commercially-available parts and
equipment, such as high-voltage electronics, are installed and used according to the
manufacturer’s instructions or user’s manuals.

4.1) Finding the signal and optimizing the settings for ion imaging
4.1.1) Block the pump pulses of the optical system with a beam dumper.

4.1.2) In the middle of the first and the second electrodes of the ion optics, install a plano-
convex lens (f = 120 mm) to focus the probe laser pulse to the molecular beam.

4.1.3) Set the time of the high-voltage switches (a digital delay generator output) to the
estimated arrival time of the N;* ion, which provides the largest signal intensity under the
present gas condition4?’,

NOTE: The arrival time can be estimated from the ion optics biases and the distance of flight,
along with the mass-to-charge ratio of the target ion?8. Otherwise, scanning the time is the
other solution for detecting a signal.

4.1.4) While monitoring the ion image, adjust the lens position with an xyz-stage and the gas
pulse time (a digital delay generator output), and acquire the largest signal (brightest and
largest image).

4.1.5) Change the time of the high-voltage switches to the Coulomb exploded N%* channel**?’.

NOTE: Because the mass-to-charge ratio of N%* is four times smaller than that of N,*, the arrival
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time of N%* is almost two times faster than that of N»*.

4.1.6) Decrease the camera frame rate to ~20 fps and increase the exposure time to 50 ms.
NOTE: With this setting, the camera image includes the signal for 12 gas pulse loadings.
Although this leads to the overlap of some ions, we can easily evaluate and recognize the rough
shape of the ion distribution.

4.1.7) Adjust the ion optic biases so that the observed ion distribution becomes an undistorted
ellipse.

NOTE: Decreasing the bias difference between the first and the second electrodes results in the
elongation of the vertical direction (ion optics axis) in the present arrangement?>3°, The third or
later optics are used for the fine adjustment of the shape. The distortion of the ellipse degrades
the angular resolution reconstructed from the image.

4.2) Finding a pump-probe spatial overlap
4.2.1) Unblock pump 1, removing a beam dumper, but keep pump 2 blocked.

4.2.2) Adjust the telescope to locate the beam waist of the pump pulse in a molecular beam.
NOTE: Do not change the position of the focusing lens in front of the chamber window, which is
optimized for the probe pulse.

NOTE: This procedure can be accomplished by reflecting the laser beams to the free space
under atmospheric pressure just before they enter the vacuum chamber. By measuring the
focal length for the same entrance lens, the telescope can be optimized.

4.2.3) Carefully adjust the spot position of the pump beam with high-resolution mirror mount 1
(Figure 2), and find the enhanced signal in the ion image due to the pump-probe overlap.
Before or after that, set t to ~4 ps by moving a delay stage 600 pm forward. Find the strongly-
anisotropic image along the pump 1 polarization.

NOTE: Because the time overlap was roughly optimized in step 2.5, only the spatial overlap
needs to be tuned. If the rotational constant or wave packet dynamics are known for the target
molecule, an alternative choice is to set the probe delay to an instantaneous molecular
alignment time. For example, it could occur at At ~1/2B, where At is the time difference
between the pump and probe pulse and B is the rotational constant in Hz'%!, For N, ~8.3 ps.
At such a time, the pump-probe spatial overlap leads to the ion distribution showing the
maximum in the pump polarization direction (vertical in the present case) and the minimum in
the perpendicular axis. It is easier to find such an alignment signature compared to the gross
enhancement obtained at At ~0. With regard to the changing of the At, note that, according to
the speed of light, a 5-um movement of the stage corresponds to ~33.356 fs.

4.2.4) Block pump 1 and unblock pump 2.
4.2.5) Repeat step 4.2.3 for pump 2. Find a pump-probe overlap for pump 2 by adjusting high-

resolution mirror mount 2 (Figure 2) while keeping the optical path of pump 1 unchanged.
NOTE: Be sure that the polarization of pump 2 is tilted so that the alighment is observed along
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an oblique direction when the time is set to the alignment time.

4.3) Briefly observe the unidirectional rotation dynamics
4.3.1) Unblock pump 1. Set the time delay between pumps 1 and 2 to the alignment time (e.g.,
4.0 ps for a N; case!®!?) with the manual delay stage 1 in Figure 2.

4.3.2) Check to determine if the unidirectional rotation can be recognized from camera images
as the probe delay is scanned (with a motorized or manual stage).

NOTE: When all the above procedures are well accomplished, one can see the images in which
the brightest region smoothly rotates in one direction as the probe delay is scanned. If such a
movie cannot be seen, carefully repeat steps 4.1-4.2. The drift effect of optical mounts
sometimes degrades the beam overlap.

NOTE: According to the speed of light, a 5-um movement of the stage corresponds to ~33.356
fs. For merely observational purposes, the above-mentioned procedures are sufficient. For the
recording and detailed analysis of the motion, go on to the following steps.

4.4) Setup measurements
4.4.1) Increase the camera frame rate to 250 fps and decrease the exposure time to ~4 ms.
NOTE: One camera frame corresponds to an image for one laser shot/gas pulse loading.

4.4.2) Start the measurement program, which controls the instruments, captures the images,
and analyzes and visualizes data.

4.4.3) Click the execute button and capture 1,000 images while blocking the pump beams.

4.4.4) Numerically fit the summed image with an ellipse and obtain the ellipticity & and the
center of the ellipse (xo,y0).

NOTE: When a raw image has more than one ellipse due to the multiple channels of the
Coulomb explosion, limit the region of interest and use only one of the ellipses.

4.4.5) Capture 100,000 images while blocking the pump beams and use the obtained image as a
probe-only reference.

NOTE: The signal-to-noise ratio of the probe-only reference image affects the quality of angular
distribution. Therefore, a relatively long measurement (~400 s) is taken for this step.

4.5) Taking a movie of unidirectional molecular rotation
4.5.1) Unblock the pump beams.

4.5.2) Set the probe time to a negative value (t ~-100 fs; i.e., before the pump beams).
4.5.3) Start the measurement loop, including the following steps:

4.5.3.1) Capture an image. Find the center-of-mass coordinate of each bright ion spot, and
binarize the image by assigning “1” to the center of the mass coordinates and “0” to the other
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pixels?’.

4.5.3.2) Sum the binarized images for 10,000 camera frames by setting “the number of images”
input box of the program to 10,000.
NOTE: To avoid the saturation effect, set the image depth of the summed image to 16 bits.

4.5.3.4) Convert the camera coordinate (x,y) to the polar coordinate using the ellipticity &
determined in step 4.4.4.

NOTE: This process is completed as follows: In the elliptical region of interest, all the pixel
coordinates (x,y) are converted to their relative polar coordinates ¢ using the following
equation:

_ y—y0)
¢ = arctan prmon |

NOTE: This step is equivalent to the image expansion in the vertical direction when converting
an ellipse to a circle.

4.5.3.5) Convert the obtained image to a polar plot in which the angular-dependent signal
intensity is plotted as the distance from the origin.
NOTE: Angle-dependent probability P(¢) is calculated using the following equation:

(sum of the pixel values of which pixels are in ¢+0.5°)
(number of pixels located in ¢+0.5°)

P(¢) =

4.5.3.7) Normalize the polar plot, dividing it by that of the probe-only reference.
NOTE: This step calibrates both the incomplete circular polarization of the probe pulse and the
inhomogeneity of the imaging detector.

4.5.3.6) Move the probe time forward by ~33.356 fs.
NOTE: A 33.356-fs shift of the probe time corresponds to a 5-pim movement of the motorized
linear stage.

4.5.4) Continue the loop until at least one rotational revival period, 1/2B (~8.3 ps for N;), is
passed after the pump 2 time.

REPRESENTATIVE RESULTS:

Figure 4A shows a probe-only raw image of the N?* ion ejected upon probe irradiation
(Coulomb explosion), taken for one probe laser shot. Each bright spot corresponds to one ion.
Figure 4B shows a summed image of 10,000 binarized raw camera images. These images show
that our imaging setup can monitor the molecules of all the orientation angles in the
polarization plane. Figure 4C shows the normalized polar plot corresponding to that of Figure
4B. Because the rotational control (pump) pulse was absent, the distribution is isotropic (Figure
4C shows a circle).

In Figure 4B, a small defect due to detector inhomogeneity can be seen in the bottom of the
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ellipse. Such a defect always appears in the same position of the image. Therefore, it can be
compensated for by normalizing the observed images with a probe-only image (step 4.5.3.7).

Figure 5 shows selected snapshots taken after the irradiation of the two pump pulses. So as to
improve understanding, not only the observed ion images, but also the corresponding polar
plots and “dumbbell" model pictures are shown as a function of probe time. The polar plots are
created in step 4.5.3.5. The dumbbell picture is an overlapped image of dumbbells of various
orientation angles, and their weights (opacity) are the observed angular probabilities. The
sequence of images forms a clear movie of unidirectional molecular rotation. The wave nature
of motion can be seen as the complicated nodal structures and the dispersion, including an “X”-
shape formation.

Figure 6 shows an ion image taken with a damaged slit and a photograph of the slit edge with a
dent. A small defect largely affects the observed image. In such a case, repeating step 1.5 is
required. This fact is also discussed in the discussion section.

Figure 7 shows the raw camera image at the optimized pump-probe overlap condition. By
monitoring such a beam overlap signal, the optical paths can be optimized. This leads to a clear
movie, as in Figure 5.

FIGURE LEGENDS:

Figure 1: Conceptual diagram of the camera angles in the impractical, typical, and new
configurations. In the typical camera angle, a detector is installed to avoid laser exposure, but
the ejection angles of ions cannot be reconstructed from the 2D projected image. In the
present, new camera angle, the rotational plane (laser polarization plane) is parallel to the
detector surface and is therefore suitable for visualizing the rotational motion. Typical bias
voltages are 2,500V, 1,799 V, 1,846 V, 253V, 0 V, 3,500 V, -800 V, and 4,500 V for ion optics 1,
2, 3, 4, and 5, the pulsed repeller, the microchannel plates, and the phosphor screen,
respectively. The ion optics numbering starts at the bottom electrode.

Figure 2: Schematic diagrams of the 2D imaging unit. (A) Schematic diagram of the detector
assembly. A circle plate colored in orange is a baseplate to which the other parts are mounted
with bolts. (B) Schematic diagram of the slit assembly. The right picture explains the motion of
the slit. The size values are in mm.

Figure 3: Schematic diagram of the present pump-probe optical setup. The optical paths of the
pump pulses for rotational excitation are illustrated by the red lines, while that of the probe
(imaging) pulse is shown by the blue line. NLC, nonlinear crystal for second-harmonic
generation; HWP, half-waveplate; QWP, quarter-waveplate; DM, dichroic mirror; BS, 50:50
beam splitter; HRM: high-resolution mirror mount.

Figure 4: Raw and analyzed Coulomb exploded ion images. (A) A typical raw image of N**

taken for one probe shot. (B) Summed image for 10,000 binarized camera images. The size of
the camera image is 1,200 x 750 pixels. The corresponding real-space size is 80 mm x 50 mm.
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(C) The normalized polar plot constructed from the summed image. In the raw and summed
images, false color was added to show the signal intensity. The polar angles in degrees are
shown along the circumference. The radial value is an angle-dependent probability (arbitrary
unit).

Figure 5: Selected snapshots of the laser-induced rotational wave packet dynamics. In each
time delay, the upper panel shows the ion image in which the elliptical shape has been
converted to a circle. The middle panel shows the corresponding polar plot. The bottom panel
shows a dumbbell model of the angular distribution. This dumbbell picture is an overlapped
image of dumbbells from various orientation angles, and their weights (opacity) are the
observed angular probabilities. The polar plot uses the same unit and scale as in Figure 4. The
ion image employs transformed coordinates, as in step 4.5.3.4.

Figure 6: Effect of the slit defect on the experimental ion image. (A) Observed probe-only N
ion image taken with a damaged slit. (B) Photograph of the slit edge having a sub-mm dent.

Figure 7: Raw camera image at the optimized pump-probe overlap condition. The probe time
is set at t = 4.0 ps after the first pump pulse irradiation. At this time, the maximum degree of
molecular alignment is achieved. The size of the camera image is 1,200 x 750 pixels. The
corresponding real-space size is 80 mm x 50 mm.

DISCUSSION:

The present procedure enables us to capture a real-time movie of molecular rotation with a slit-
based 2D imaging setup. Because the observed ions pass through the slit, step 1.5 is one of the
critical steps. The edges of the slit blades must be sharp. When there is a small defect, such as a
0.3-mm dent in the slit, a scratch is observed in the ion image (Figure 6). In such a case, the slit
blade should be polished with 2,000-grit wet sandpaper.

Apart from the unique camera angle shown in Figure 1, this method has several advantages
over the 3D imaging detector, which was previously the only solution for rotational wave
packet imaging.

First, in the present procedure, optical beam alignment can be carried out easily by monitoring
raw ion images, as in steps 4.1-4.2. Figure 7 shows the raw camera image at the optimized
pump-probe overlap condition. When the pump-probe beam overlap is lost, anisotropic or
enhanced image signatures cannot be seen, as in Figure 4A. This fact emphasizes the
importance of steps 4.1-4.2 in the present method. Because the spot sizes of the pump and
probe beams are on the order of 10 um, it is generally difficult to find an optimal overlap
condition without monitoring real-time images. In the case of a 3D imaging detector, several
seconds are required to form an image with sufficient data points (at least 1,000 ions) when a
1,000-Hz or lower repetition-rate laser is employed, because the count rate is limited to a few
events per laser shot in the 3D detector. In the present method, on the other hand, the count
rate is essentially unlimited, and the number of ions per frame can be increased simply by
extending the exposure time. In the present case, more than 1,000 ions are detected within the
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50-ms exposure time.

The high count rate of the present method also leads to a shorter data acquisition time.
Because the frame rate of the camera is 250 fps, it takes only ~40 s to take one snapshot of the
molecular motion at a particular time. For the measurement over the one molecular rotational
revival time (~8.4 ps) with a ~33-fs step, the measurement time is only a few hours. This is
another advantage, because experimental data would be degraded by the limited long-term
stability of the lasers and the entire experimental setup. In our setup, for example, time
duration changes with time, partly due to the temperature change in the fs amplifier. A 3-K
change within 6 h resulted in the thermal expansion of the amplifier, including the elongation
of the distance between the pulse compressor gratings, leading to the elongation of the pulse
duration3!. Laser-beam drift, which degrades the signal of the pump-induced dynamics, was
also detected within ~8 h, although the origin of this drift was not identified.

The present technique is a type of 2D imaging, limiting the information in 3D. In the case of a
Coulomb explosion, only the fragment of ions ejected in the detection plane contribute to the
image. This implies that it is difficult to apply the present method directly to complicated
fragmentation processes, such as those involved in coincidence imaging studies?>:333, We note
that the sum of the signal intensity with our method is proportional to the probability in the
detection plane. This represents indirect information on the dimension not included in the
imaging plane!l*2,

While we focus on Coulomb explosion imaging in this paper, the present approach can be, in
principle, applied to general charged-particle imaging, such as that involved in
photodissociation studies'4. In the existing imaging procedure, to obtain a 2D tomogram of a 3D
Newton sphere of charged particles, the polarization of light should be parallel to the detector
surface. In other words, the camera angle is limited to particular conditions. Also, in the present
2D imaging technique, a 3D ion cloud is spatially sliced to a 2D cut and is then imaged. With this
slice imaging, the freedom of the camera angle will open a way to obtain hitherto-unobserved
information that sometimes appears in the laser propagation direction?®34,
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Excel Spreadsheet- Table of Materials/Equipment

Name of Material/ Equipment
CMOQOS camera

High voltage switch
High voltage switch

Digital delay generator

Digital delay generator

Microchannel plate

Pulsed valve

Molecular beam skimmers

Optical Comparator
DPSS laser

Femtosecond Ti:Sapphire oscillator
Femtosecond Ti:Sapphire amplifier
Motorized linear stage

Manual X-stage

High resolution mirror mount

High resolution mirror mount

Polarization checker

Instrument communication interface

Graphical development environment
for measurement programs

Laser line dielectric mirror
Laser line dielectric mirror

Laser line dielectric mirror

Femtosecond polarizer

Click here to download Excel Spreadsheet- Table of
Materials/Equipment JoVE_Materials_v2.xls

Company
Toshiba TELI

Behlke
Behlke
Stanford
research
systems
Stanford
research
systems
Photonis

LAMID LTD

Institute for
Molecular
Science

Nikon
Lighthouse
Photonics
KMLabs
Quantronix
Sigma Koki
Sigma Koki

Newport

LIOP-TEC
GmbH

Paradigm
Devices, Inc.

National
Instruments
National
Instruments

CVI/LEO
Altechna
Altechna
Advanced
Thin Films

Catalog Number Comments/Description
equipped with SONY

BU-238M-E
U-238 > IMX174 sensor

HTS-41-03-GSM
HTS-80-03

DG535

DG645

3075
High repetition, room

Even-Lavie valve
temperature model

3 and 1.5 mm center hole,
13C11 25 degrees full inner
angle, and ~50 mm length

V-24B
Sprout

Halcyon

Odin-Il HE
KST(GS)-100X
TSD-601S
Suprema SX100-
F2KN-254

SR100-100R-2-HS

O-tool VIS

NI-MAX

LabVIEW 2014

TLM2-400/800-

45UNP

Low GDD Ultrafast mirror
Low GDD Ultrafast mirror

PBS-GVD
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ARTICLE AND VIDEO LICENSE AGREEMENT

Direct Imaging of Laser-driven Ultrafast Molecular Rotation

Title of Article:

Author(s):

Kenta Mizuse, Romu Fujirﬁoto, N'ngo Mizptani, and Yasuhiro Ohshima

Iltem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish ) via: - \/Standard Access

Item 2 (check one box):

|
j Open Access

.\/The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

. . The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legaicode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JOVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4, Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’'s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Empioyees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

612542.6

ARTICLE AND VIDEO LICENSE AGREEMENT

statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’'s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author {or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively} and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JOVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmiess JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JOVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JOVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JOVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR: o

Name: l—_lf?gtg Mlzuse e N ’
Department: ‘___ Chemustry S _—
Institution: L _'Folfyo Institute of Technology - o
Article Title: l_riﬁWDlrect lmaglng of Laser-drlven Ultrafa§t_ Molecular Rotation -
Signature: féﬁe /%7&\ - Date: /4?7‘\ / QCP 20( 6

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Fax the document to +1.866.381.2236;
3) Mail the document to JOVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Tokyo Institute of Technology

Click here to download Rebuttal Comments response

Department of Chemistry, School of Science
Tokyo, 152-8550, Japan
Sep. 7, 2016

Dear Dr. Jaydev Upponi and Dr. Benjamin Werth
Editors of the Journal of Visualized Experiments

Thank you for the reply and editorial comments on our manuscript,
JoVES4917 "Direct Imaging of Laser-driven Ultrafast Molecular Rotation".

Following Editorial and reviewer’s comments, we have modified the manuscript.
The followings are the replies to the comments.

Because both reviewers recognize the novelty of the present method, and the
Review 1 agree to the submission to JoVE after the minor revision, we hope the
present version satisfy the standard of JoOVE publication.

Editorial comments:
*Many errors in English remain in the manuscript. Additional editing is required prior
to acceptance, should be performed by a Native English speaker. Some specific errors
are noted below:
-Line 60 — “of motions of interests”
-Line 77 — “motionusing”
-Line 78 — “have led” — should be “has”
-Line 103 — “seriously low” — “Seriously” is the wrong word
-Line 124, 213, 295, 740 — “equipments” or “equipment’s”
-1.5.7 — “a standard mounting procedures”
-2.2.2 — “passthrough”
-2.4.2 — “polarizedsecond”
-2.5 — “each pulses”
We are sorry for the typo and some errors due to the unexpected work of Word
program. We have carefully checked the manuscript, and all the above mentioned

errors have been fixed.

I+
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eAdditional detail is required:
-2.3.1 —How are the pulses obtained? Is there a particular readout to watch? Is a laser
turned on? Please describe for filming.

New NOTE was added to clarify the origin of the pulse.

-2.3.2 —How are they aligned parallel (are some parts of the apparatus adjusted to
achieve this)? Please describe what actions are being performed for filming.
A sentence and NOTE which describe the detail were inserted in the 2.3.2.

-2.5.1 note — Please clarify “the purpose of two pumps”.
eFormatting: 2.4.3/2.5 — There is a heading for 2.5 at the end of this step, plus an
additional 2.5 heading below it.

Both of them were errors to be deleted. We fixed them.

eVisualization: The protocol is discontinuous. Please highlight 4.2.2 and 4.5.3.2, which

appear to be important for success of the protocol. Make sure that all steps required

for success of the protocol are highlighted for filming (excepting computational steps).
We highlighted the steps you suggested.

eResults: Please provide scale bars in Figure 5.
The scale bar is in the top-right of the figure. The second column is also scaled in the
polar plot. The third cannot be scaled, because they are schematics as indicated in the

caption.

*JoVE reference format requires that the DOIs are included, when available, for all
references listed in the article. This is helpful for readers to locate the included
references and obtain more information. Please note that often DOIs are not listed
with PubMed abstracts and as such, may not be properly included when citing directly
from PubMed. In these cases, please manually include DOIs in reference information.

DOl info are now included.

Please include a line-by-line response letter to the editorial and reviewer comments

along with the resubmission.

Reviewer 1:



>> | especially like the expanded discussion on how the "time zero" of this experiment
is achieved
We added detailed NOTE in 2.5.1 to clarify this.

Major Concerns:
1. Other 3D techniques should be cited such as Vallance and co-workers and Li and
co-workers in the introduction.

We added all the important reference as recommended.

Minor Concerns:
2. Section 2 - Construction of the optical set-up; it would be helpful to describe the
types of optics used (such as are the beamline mirrors all metallic or dichroic high
reflectors). Nothing more than a sentence is needed on this.
3. More information regarding the optical set-up could be provided. For example, the
NLC (Non-linear Crystal) material + thickness + cut and importantly the conversion
efficiency should be added. Additionally, some samples of the laser power along
different parts of the beam would also be instructive. Many of these could be simple
additions added to Figure 3, or a few extra lines of text.

In section 2, the types of optics and NLC are indicated and some of them are listed in

the materials list.xls. Laser pulse energy is shown through the section 2.

4. Do they use any additional pulse control to remove any chirp introduced from the
beam line? Or is the pulse pre-chirped for highest power or temporal pulse duration at
the experiment?
5. The authors should state their cross correlation of their three beams as this limits
the ultimate temporal resolution

The new sentences and NOTE have been added in the 2.5.6 to address the above two
comments.
6. What are the rotational levels of N2 are present in the ensemble in the molecular
beam? And what is its rotational period?

We added descriptions for this in 1.8, 4.2.3, and 4.5.4.
7. What causes their laser stability issues? Is it vibrations through the table or thermal
effects changing the laser pointing? It is worth mentioning for readers who are
interested in building a similar set-up.

Some details on the laser stability are given in the Discussion section.

Reviewer 2:



>>(1) their protocol contains many very detailed instructions, some indeed very
important for proper implementation of the technique, but many others completely
meaningless,...

>>(2) their protocol provides a detailed description of the methods that they use in the
laboratory, but more of than not, fails to describe the reason for a certain action. That
makes the protocol more difficult to follow and less useful than it should be. For
example, in 1.2 the authors write "Attach the pulsed valve to the chamber partition
using four threaded posts (15 cm, diameter 12 mm), ...

Most of the suggested points relate to the NOTE added to follow the Editorial
comment for previous revisions. We agree with the reviewers comment “but
meaningless (and more than likely, wrong) for similar setups that other researchers
would put together, unless their setup becomes an exact clone of the setup used by
the authors”, but we also have to describe details on apparatus in order to clarify what
we actually built up. Therefore, we added many comments and NOTEs throughout the

manuscript to notify the essence of the procedures and meaning of details.

>>In order for the protocol to possibly become such a useful resource, | think it is
essential that the authors alter the scope of the protocol, limiting the protocol to the
novel aspects of the method that they have developed

Following the editorial policy of JoVE, we think limiting the procedure description is
not suitable and then, we just added comment on the specificity of the present
manuscript and the notification of the readers who would like to use the present
method.

We hope this modified manuscript is satisfactory for the editor and reviewers.

Sincerely,
Kenta Mizuse, Ph.D.
Assistant Professor
Department of Chemistry,
Tokyo Institute of Technology

Yasuhiro Ohshima, Dr.Sc.
Professor
Department of Chemistry,
Tokyo Institute of Technology



