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a  b  s  t  r  a  c  t

The  possibility  of  using  an  adjacent  pulse  repetition  interval  length  (APRIL)  as  a scale  is investigated.
Theoretical  analysis  showed  that  an APRIL  can  be used  as  a standard  for a  high-accuracy  distant  evaluation.
In an  experiment,  an  APRIL  was  measured  by  using  a  Helium–Neon  interferometer,  and  the measurement
was  compared  with  the  result  of  a  direct  frequency  count.  The  difference  was  a  few hundred  nanometers,
and  thus  the  APRIL’s  effectiveness  as  a  length  scale  was  confirmed.  The  present  concept  and  analysis  pave
eywords:
ength measurement
djacent pulse repetition interval length
ength standard
etrology

the way  for  the  development  of  the  remote  transfer  of APRIL  as  a length  standard  via fiber  networks.
© 2013 Elsevier Inc. All rights reserved.
emtosecond optical frequency comb
nterferometry

. Introduction

In recent years, the development of femtosecond optical fre-
uency comb-based (FOFC-based) length measurement methods
as become of great interest because it has brought a fundamental
hange in traceability and measurement of length. In 2009, an FOFC
as adopted as the national standard tool for measuring length in

apan. This fact increased the importance of the development of
OFC-based length measurement technology and application.

Many FOFC-based length measurement methods have been
xtensively investigated over the last few years. Mainly, depending
n what is used as a length scale, these methods can be divided into
wo groups. One is the same as the traditional heterodyne method,
hich is to treat a distance as a function of wavelength [1,2], and

he other is to measure a length based on the adjacent pulse repe-
ition interval length (APRIL) [3–5]. The present investigation was
n exploration of the latter idea.

As already reported in Ref. [6],  we are now developing an easy-
o-use method for FOFC-based length measurement. An FOFC can
e considered as a coherent combination of thousands of ultra-
table continuous wave lasers. A monochromatic wavelength or
n APRIL of a single FOFC can be used as a length reference. In the

ormer case, since the monochromatic wavelength signal of an FOFC
s low (usually, nanowatt order), the FOFC can be only used as a

avelength reference light source [1,7,8].  In the latter case, length
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measurements can be directly linked to an FOFC [9–11]. Measure-
ment methods by considering the phase shift of stable intermode
beats from two  FOFCs were reported. However, in this intermode
scheme, one needs to synchronize two FOFCs to obtain stable inter-
mode beats. In addition, since there is only one national standard
(namely, a single FOFC), how to link this intermdode scheme to the
national standards is still unknown. Based on these considerations,
we  prefer to investigate the possibility of an APRIL from a single
FOFC light source to be used as a length reference.

Considerable work has been done on long distance measure-
ment using FOFC-based method, but there are few reports on the
stability of an APRIL, which is basic for length traceability and
measurement when considering APRIL as a scale. The purpose of
this study was  to evaluate the stability of the APRIL, and to con-
firm its validity as a length scale. We  measured an APRIL by using
a Helium–Neon (He–Ne) laser and compared the result with the
result of the direct frequency count to confirm the effectiveness of
the APRIL as a length scale for the first time.

This paper is organized as follows. First, a theoretical derivation
of stability of an APRIL is given in Section 2. Next, an experimental
evaluation of stability of an APRIL in air is described in Section 3.
Finally, the main conclusions and future work are summarized in
Section 4.

2. Principle
For convenience of explanation, let us briefly review the essence
of an FOFC. The features of an FOFC can be summarized as follows
[12,13]: In the frequency domain, a mode-locked laser generates

dx.doi.org/10.1016/j.precisioneng.2013.02.001
http://www.sciencedirect.com/science/journal/01416359
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Fig. 1. The stability of an A

quidistant frequency comb lines with the pulse repetition fre-
uency frep, and the whole equidistant frequency comb is shifted
y offset frequency fCEO from zero frequency. In the time domain,
hen the electric field packet repeats at the pulse repetition period

R = 1/frep, due to offset frequency fCEO, the carrier phase slips by
ϕce = 2�fCEO/frep to the carrier-envelope phase.
APRIL is calculated by (c × TR)/n, where c is a light velocity in the

acuum and n is the refractive index of light propagated medium.
he pulse repetition period, TR, and the pulse repetition frequency,

rep, are connected by TR = 1/frep. Based on the theory of uncer-
ainty propagation, we get �2(�TR/TR) = �2(�frep/frep). Then, we
urn our attention to the frequency domain to obtain an estimate
or �2(�frep/frep).

For convenience of explanation, we summarize the essence of
he stability of the pulse repetition frequency [14]. Currently, the
ighest absolute frequency stability that can be achieved by an
OFC is about 10−18 order [15]. In general, higher harmonics of the
ulse repetition frequency are phase locked to a radio frequency
RF) standard [16]. An RF standard can already provide a frequency

tability at the 10−13 and 10−14 levels [17,18]. The pulse repeti-
ion frequency can be simply detected by a photodiode. We  can
onclude that the measurement uncertainty of the pulse repetition
requency �2(�frep/frep) is better than 10−13 levels. This fact means

Fig. 2. The experim
a) In vacuum and (b) in air.

the measurement uncertainty of the pulse repetition period can be
easily achieved at better than 10−13 levels. (Fig. 1(a))

Next, we consider the refractive index of light propagated
medium. Because the length measurement in air is general, the
discussion is limited to air. In general, Edlén equation [19,20] and
Ciddor equation [21] are used to obtain the refractive index of air
n. Then the speed of light in air can be calculated as cn = c/n. It is
well known that the uncertainty of the Edlén equation (or Ciddor
equation) �n  is about 10−8 order. (Fig. 1(b))

From the above-mentioned analysis, we  can conclude that the
APRIL of an FOFC is very steady, and it is suitable as a ruler in vacuum
and air.

3. Experiments

3.1. Experimental set up

In this experiment, we  compared the value of an APRIL cal-

culated by frequency measurement with that measured using an
optical interferometer. The experiment was  carried out with a sys-
tem consisting of a frequency counter system and an optical length
measurement system.

ental set up.
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Fig. 3. The stability of the stage and vibration introduced by the servomechanism
of the stage and scanning of the reference mirror.
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The frequency counter system consisted of a fiber laser, a rubid-
um frequency standard, a frequency synthesizer, a set of repetition
ate synchronization electronics, and a frequency counter. The
ubidium frequency standard (Stanford Research Systems, FS725)
as used as a frequency standard. The signal from the frequency

ounter was sent to a frequency synthesizer, and a 10-MHz sig-
al was generated. The 10-MHz signal was sent to repetition rate
ynchronization electronics (Menlo Systems, RRE100), which con-
rolled the repetition frequency of a polarization-mode-locked
emtosecond fiber laser (Menlo Systems, FC1500). The repetition
requency of the fiber laser was observed with the frequency
ounter (Iwatsu, SC-7206), and it was steady at 100,000,000.0 MHz
or several days. (The integration time of the frequency counter was
0 s.)

With the knowledge of the repetition frequency, we can calcu-
ate the APRIL as c/frep, which is 2.99792458 m.

The optical length measurement system consisted of a pulse
rain interferometer and a He–Ne interferometer. The optical
xperimental setup was similar to the system described in [4].  Its
ptical schematic is illustrated in Fig. 2.

The pulse train interferometer consisted of the fiber laser, a
ichelson interferometer, and the system control. The pulse dura-

ion, repetition rate, and total output power of the fiber laser
ere 180 fs, 100 MHz, and 20 mW,  respectively. The output wave-

ength of the pulse was centered at 1560 nm with a bandwidth
f 20 nm.

The pulse train from the fiber laser was expanded and collimated
y a collimator lens and introduced into an ordinary Michelson

nterferometer, which is composed of a beam splitter, a refer-
nce mirror (via corner cube 5), and an object mirror (via corner
ube 1 and corner cube 2). The object mirror and the corner cube

 were fixed on a 600-mm-long translation stage (IKO Nippon
hompson, LT100CDMF-600/5DE127). When the translation stage
as at the end near the beam splitter, we could observe pulse

rain interference with its own signals. When the translation stage
oved to the far end of the interferometer, we could observe the

nteraction of multiple pulse train interferences. The Michelson
nterferometer thus became an unbalanced optical-path Michelson
nterferometer.

After traveling different arms of the Michelson interferome-
er, two pairs of pulse trains sequentially overlapped at the beam
plitter. A tube lens imaged the interference fringes onto a photo
etector (PD; New Focus, Inc., Front-end optical receivers Model
011). The intensity of the interference fringes signal through
he PD was measured with a digital oscilloscope (Tektronix, Inc.,
DS2002B,) and sent to a computer.

. Experiments

The displacement of the translation stage was measured by
 He–Ne laser interferometer (Renishaw, ML10 Laser). The spec-
fication of the vacuum wavelength of the He–Ne laser was
.6329905770 �m ± 0.1 ppm. The calibration (by Renishaw plc)
hows that the stability of the wavelengthis better than ±0.01 ppm.
he He–Ne laser interferometer is composed of a polarized beam
plitter and two corner cubes, labeled corner cube 3 and corner
ube 4. The corner cube 4 and the corner cube1 are connected, and
heir axes are arranged in a straight line.

Before obtaining the data, we examined the influence from
he vibration by the servomechanism of the stage and scanning
f the reference mirror using the He–Ne laser interferometer. A

ypical data set is shown in Fig. 3. The capture rate of data was
00 Hz, and the acquisition time was 341 s. The following three
acts can be understood from this data. First, the stage always
ibrated by about ±50 nm due to the experimental condition.
Second, the vibration introduced by the servomechanism of the
stage and scanning of the reference mirror was  about ±100 nm
and about ±400 nm,  respectively. Third, no large shift of the stage
due to these two  kinds of vibration has been observed. In other
words, after receiving the vibration, the stage returns to its former
location.

In the experiment, the measurement was done in two  steps. In
the first step, the object mirror was positioned at the far end of
the translation stage so that cross correlation could be observed.
We scanned the reference mirror of the pulse train interferome-
ter and recorded the interference fringes (3 times) (see Fig. 4(c-1)).
At this time, the measurement value of the He–Ne laser interfer-
ometer was  set to 0 and the record started. In the second step, the
stage was  moved to the position in which the autocorrelation could
be observed. We  scanned the reference mirror again to record the
interference fringes (3 times) (see Fig. 4(c-2)). The record by the
He–Ne laser interferometer ended after a few minutes.

Fig. 4 shows a typical data set recorded by the laser interfer-
ometers. One measurement took about 6 min. We  can confirm the
vibration introduced by scanning of the reference mirror before
(see Fig. 4(a)) and after (see Fig. 4(b)) the operation of the stage.
We obtained the corresponding temperature data and atmospheric
pressure data by knowing the time of this vibration.

To calculate the refractive index of air, we  recorded the temper-
ature and the atmospheric pressure while measuring interference
data. The vibration of the stage was  about ±50 nm,  and in com-
parison to the APRIL, it is ±0.03 ppm (=±5 × 10−8/1.5). We  did not
need to measure the humidity of air or the concentration of carbon
dioxide, because the calculated refractive index would only change
−0.07 ppm and 0.015 ppm by a 10% change of the humidity and a
100-ppm change of the carbon dioxide density. The influence by
both is about the same as the order of the influence due to the
vibration of the stage.

We analyzed the obtained interference fringes by the Fourier
transform method to get the envelope, as described previously [22].
To find the peak of the envelope we used the differentiation of
the obtained envelope curve. The length of the APRIL measured
in air was  obtained by subtracting the displacement of the gap
between two peaks (autocorrelation and cross correlation) from
the displacement by the He–Ne laser interferometer (see Fig. 5).

The refractive index of air was  calculated by using the temperature
and the atmospheric pressure. The length of the APRIL in the vac-
uum was  calculated by using the calculated refractive index of air
and the measured length of the APRIL in air.
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. Measurement result

The measurement result of the length of the APRIL in the vacuum
s shown in Fig. 6. The measured average length of the APRIL in vac-
um was 2.99792471 ± 0.00000040 m.  The difference between the
esult measured by optical interferometer and the calculation by a
requency counter was a few hundred nanometers. Environmental
onditions such as non-uniform temperature limited the experi-
ental accuracy. A detailed discussion about complete quantitative
rror estimation for the experiment will be reported in another
aper. Theoretically, this laser system was capable of measuring an
PRIL up to ±0.03 ppm. Further improvements on the experiment

2RcT

PZT s can  ran ge 

Rel ated inter ference fr inges  recorded by PTI  

2RcT

PZT s can  range 

Rel ated inter ference fr inges  recorded by PTI  

Gap 

(a) A measured displacement  is equal  to an  AP RIL.  

(b) A measured displa cem ent  is the  sum of an  AP RIL an d a gap.  

Tran sla�on stage 

Fig. 5. Measuring method.
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Fig. 6. Measuring results.

environment should be promising, enabling the measurement of a
3-m APRIL over 100 nm.

6. Conclusion

We studied the stability of adjacent pulse repetition interval
length (APRIL). The results show that APRIL has the same degree
of stability as wavelength in air. The theoretical derivation of the
expected stability of the APRIL agrees with the results of the simple
proof-of-the-principle experiment using a He–Ne interferometer.
To our knowledge, this is the first report regarding the stability of
the APRIL. We  showed the evidence of why  an APRIL is suitable as
a length scale for the first time. Based on this new understanding,
new APRIL-based applications can be proposed fairly readily. For
example, compared with the wavelength, APRIL does not receive
the influence of nonlinear effect, and the delivery of length standard
and traceability of length via fiber networks are considerable.
In future work, by making the best use of the unique character-
istic of APRIL, we  plan to test the idea of remote transfer of APRIL
as a length standard over an optical fiber network.
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