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Experimental methods

2.1 Introduction

All laser experiments covered in this thesis are pump-probe experiments. The basic prin-
ciple behind such experiments is to introduce a disturbance in the equilibrium of a system
and measure its response. Perturbation of the equilibrium is achieved by means of a pump
pulse. The pump can induce an electronic transition (section 2.3), a vibrational excitation
(section 2.4), or a combination of both (section 2.5). In our case, we observe the changes in
the absorption of a sample by means of femtosecond mid-infrared (mid-IR) radiation. The
creation of a short pulse requires a broad spectrum of light of different frequencies, which
is achieved by “mode-locking” a laser cavity. The phase of all the different frequencies of
light composing the pulse constructively interfere for a very short period (and destructively
for rest of the time), producing a high-intensity pulse. We require such short pulses for sev-
eral reasons: (1) This high intensity allows us to access nonlinear processes which would
hardly occur with “normal”, un-pulsed light because these interactions have a higher order
dependence on the intensity of the electric field of the light117. We use several such nonlinear
processes to generate the mid-IR probe pulses. (2) The time resolution of an experiment is
determined by the pulse duration: the shorter the pulse, the faster the phenomena that can be
observed. (3) Finally, the broad bandwidth of the mid-IR probe pulses allows us to perform
spectrally resolved experiments as opposed to monitoring the change in absorption at only
one frequency.

The essential advantage of a time-resolved measurement is that unambiguous information
can be obtained about the dynamics of the investigated system. A time-resolved experiment
consists of the systematic variation of the delay τ between the probe pulse and the excitation
pulse. In transient-absorption experiments, the ratio of the pumped transmission and the un-
pumped transmission T

T0
of the sample is measured at each value of τ . Finally, in order to

obtain the dynamics of the system, we generally perform a least-squares fit (section 2.8) to
the resulting change in absorption (∆A(ω, t)) with an appropriate model.

2.1.1 Difference absorption

In the following, we show which signals are measured with a pump-probe experiment in order
to retrieve the frequency and time-dependent change in absorption of a sample (∆A(ω, t)).
The change in absorption of a sample is the difference between the pumped and unpumped
absorptions (A) of the sample:

∆A(ω, t) = Ap (ω, t)−Au (ω, t) , (2.1)

where the subscripts p and u refer to pumped and unpumped state of the system, respectively.
The absorption of a sample is defined as the negative logarithm of the transmission T of the
sample (A =− log10(T )):

∆A(ω, t) =− log10 (Tp)+ log10 (Tu) . (2.2)
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2.1 Introduction

The transmission of a sample is measured by recording the ratio of the intensity of the probe
before (I0) and after (I) passing through the sample. The above equation in terms of intensity:

∆A(ω, t) =− log10
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However, we cannot measure the intensity before and after the sample of the same laser
pulse. We therefore introduce a reference pulse (ideally an exact copy of the probe) which
passes through a part of the sample not affected by the pump. The assumption is made that
the intensity of the reference is equal to that of the probe before passing through the sample.
By replacing the Iref = I

probe
0 in the above equation:

∆A(ω, t) =− log10

(

I
probe
p

I
probe
u

· Iref
u

Iref
p

)

. (2.5)

By using a reference, the shot-to-shot laser fluctuations are removed from the signal and we
significantly increase the signal-to-noise ratio of the measurement. In practice, the measure-
ment software correlates the voltages of the probe and coincident reference shots measured at
the detector. A straight line is fit to the correlation. The gradient of the fitted line for both the
unpumped and pumped shots are Iref

u /I
probe
u and I

probe
p /Iref

p respectively. The transmission is
therefore always independent of the fluctuations of the laser. The spread of the shots around
the fitted line determines the uncertainty of the measured gradient. The program records the
ratio and the error of the pumped and un-pumped probe shots for each frequency:

∆A(ω, t) =− log10

(

Tp (ω, t)

Tu (ω, t)

)

=− log10

(

Tpump (ω, t)

Tu (ω, t)

)

. (2.6)

In the remainder of this chapter, the subscript “pump” will be replaced by a label denoting
the relevant pump type and u is replaced by 0, denoting the absence of a pump pulse.

This chapter contains the experimental details necessary to put into practice the theory
discussed in chapter 1. We begin by explaining how we generate mid-infrared femtosecond
pulses. This is followed by a detailed description of the time-resolved experiments performed
in this thesis. The chapter finishes with the general methods we used in our sample prepara-
tion and data analysis. The practical implementation of the material presented here is elabo-
rated on in appendix A. Throughout the chapter, “setup figures” refer to Figs. 2.1, 2.3, and
2.4.
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2.2 Femtosecond mid-infrared light generation

2.2.1 Amplified titanium sapphire laser systems

A mode-locked Ti:sapphire laser generates pulses of 800 nm wavelength at an 80 MHz rep-
etition rate. The output pulses (>0.5 nJ energy, ∼70 nm FWHM) are stretched to a few
hundreds of picoseconds to avoid damaging the amplifier optics. A synchronous Pockels cell
couples one stretched pulse into a regenerative amplifier every millisecond.The regenerative
cavity consists of a Ti:sapphire crystal pumped by a solid state Nd:YLF laser (Evolution,
Light Conversion, 1 kHz). The stretched seed pulse makes several round trips through the
cavity and picks up intensity at each pass through the gain medium. When the amplified
pulse has reached the desired amplitude, a second Pockels cell couples it out of the cavity
and into the compressor. This step compresses the pulse to its Fourier-limited duration (the
ideal case in which pulse duration is solely determined by the bandwidth of the light). Both
the oscillator and regenerative amplifier output pulses are monitored with photodiodes. The
signal of the oscillator photodiode provides an electronic trigger for the Pockels cells and
Nd:YLF laser. The trigger sent to the second Pockels cell is also used for triggering the in-
frared detection system. In section 2.3 we show how we control the timing of the above in
order to synchronize the femtosecond system with an external pump laser.

In our experiments, we use either one of two commercial Ti:sapphire laser systems, both
producing light of 800 nm with a 1 kHz repetition rate, to generate the IR-probe, reference,
and where appropriate the IR-pump: (1) Spectra-Physics MaiTai oscillator and Hurricane
regenerative amplifier combination which delivers compressed pulses of 100 fs FWHM du-
ration and 800 µJ in energy. (2) Coherent Mantis oscillator and Legend Elite regenerative
amplifier combination which delivers compressed pulses of 35 fs FWHM duration and 3.5 mJ
in energy. Both systems are denoted Amp in the setup figures below.

2.2.2 Optical parametric amplification

To obtain mid-IR pulses, the 800 nm pulses produced by the regenerative amplifier needs to
be converted into light with longer wavelengths. We “transform” our light to mid-IR frequen-
cies using several non-linear processes, the first of which is optical parametric amplification
achieved in a similar fashion as described by Kaindl et al.118

A CaF2 plate is used to split off ∼1% of the 800 nm beam which is focused into a sap-
phire plate where a white light continuum is generated. The continuum contains wavelengths
ranging from visible to near-infrared frequencies and is referred to as the “seed”. From the
remaining 800 nm, 10% of the light is split off and used for the pre-amplification step (also
known as the “first pass”). The remaining majority of the light is used for the main amplifica-
tion step (also known as the “second pass”). For both the first and second amplification step,
the light pulses need to overlap in time as well as in space in order for the optical parametric
amplification to occur.

The seed and 800 nm pump pulses pass through a type II β -Barium Borate (BBO) crystal
(cut angle θ = 27°, φ = 30°)118 in a collinear fashion. The phase-match angle of the BBO
crystal determines which frequency of the seed is amplified. The optical parametric amplifi-
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2.2 Femtosecond mid-infrared light generation

cation process generates two photons of different wavelengths in the near-infrared from one
800 nm photon, where the sum of the frequencies equals the reciprocal of 800 nm.117 The
high-frequency photon is referred to as the “signal” and the low-frequency photon as the
“idler”. The idler and residual 800 nm beam are dumped after the first pass.

For the second pass, the signal and a second 800 nm beam are passed through a second
BBO crystal in a collinear fashion. Signal and idler photons are produced from the interaction
of the 800 nm and the signal produced in the first pass. The residual 800 nm beam is filtered
from the signal and idler beams with a dichroic mirror and an RG1000 filter.

The two laser systems mentioned in section 2.2 pump two different OPAs. The Hurricane
system pumps an OPA-800C (Spectra-Physics) with ∼400 µJ 800 nm pulses to generate
signal and idler pulses with a combined energy of 80 µJ and a pulse duration of 100 fs
(BBO crystal thickness 1.2 mm). The Legend system pumps an OPerA-Solo (Coherent, Light
Conversion) with ∼3 mJ 800 nm pulses to generate signal and idler pulses with a combined
energy of 700 µJ and a pulse duration of ∼100 fs (BBO crystal thickness 1.2 mm). Care must
be taken with the high-energy OPA (OPerA-Solo). Changes in the power of the input beam
strongly influence the thermal lensing in the non-linear crystals. This leads to a divergent
mid-IR output beam which adversely affects the quality of the measurement.

2.2.3 Difference-frequency generation (DFG)

The final stage of the generation of mid-IR light is the difference frequency mixing of the
signal and idler generated in the OPA. For this purpose, we use a type II Silver Gallium
Sulphide (AgGaS2) crystal (thickness 1.2 mm,cut angle θ = 39°, φ = 45°) with which it is
possible to generate near- and mid-IR from 0.9-16 µm. To control the temporal and spatial
overlap of the signal and idler we separate them with a dichroic mirror and run the idler over
a translation stage.

In the case of the Hurricane system, signal and idler beams are focussed in the AgGaS2

crystal (thickness 2 mm) using a curved mirror of f = 500 mm. The generated mid-IR is
re-collimated with an identical mirror and coupled into the pump-probe setup. Using this
setup we generate pulses of 1 µJ energy (at 1660 cm–1) and 150 fs duration. In the case of
the Legend system, signal and idler beams are passed through a AgGaS2 crystal (thickness
1.2 mm) in a non-collinear fashion. The angle between the beams is such that the generated
mid-IR is positioned above the residual signal and idler. Using this setup we generate pulses
of 20 µJ energy (at 1660 cm–1) and ∼100 fs duration.

2.2.4 IR probe and reference pulses

Each of the employed time-resolved experiments requires a mid-infrared probe pulse with
which to measure the transmission change of the sample. Probe and reference pulses (solid
and dashed red lines, respectively in the setup figures) are obtained from the DFG mid-IR
output by reflection off the front and back surfaces of a wedged BaF2 window (BS). Note
that the angle of incidence of the incoming mid-IR with respect to the reflected beams should
be as small as is practically feasible. At large angles there is a strong angular dependence
of the intensity on the polarization of the reflected light.119 The probe and reference beams
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are focused through the sample (S in the setup figures) by means of an f = 100 mm off-axis
parabolic mirror (30°, PM1). The probe beam is typically 200 µm in diameter at the sample.
The mid-IR reference beam passes through an area of the sample not influenced by the pump.
The changes induced in the sample by the perturbing pump pulse are monitored by the mid-IR
probe pulses at various time delays between the pump and mid-IR probe pulse. This delay can
be introduced by an optical table or electronically depending on the experiment. The probe
and reference beams are re-collimated by a f = 140 mm off-axis parabolic mirror (45°, PM2).
The larger angle of PM2 allows us to place of a rotating polarizer between the sample and
PM2 when performing 2DIR and T2DIR experiments (sections 2.4 and 2.5). The probe and
reference are focussed into the spectrograph (MS260i, Newport Oriel) by a third f = 100 mm
off-axis parabolic mirror (30°, PM3). In the spectrograph, the frequencies of both beams are
dispersed and imaged onto a 2×32 HgCdTe (MCT) array detector (Infrared Associates). The
pixels are 0.5 mm wide by 1 mm high, and the arrays are separated by a vertical 8 mm. When
a bias voltage is applied across each pixel, a current is measured as a result of the interaction
of the mid-IR light. The signal is amplified by a custom-built gated amplifier and recorded
by the measurement software. In the range of 0-1.5 V, the detector responds linearly with the
amount of light hitting it.

2.3 Ultraviolet-pump infrared-probe spectroscopy

Ultraviolet-pump infrared-probe spectroscopy (UVIR) forms the experimental foundation of
chapters 3–6. With the UVIR experiment we follow the changes in the vibrational absorption
spectrum of a sample induced by UV excitation:

∆AUV (ω, t) = AUV (ω, t)−A0 (ω) =− log10

(

TUV (ω, t)

T0 (ω)

)

, (2.7)

where the subscript UV denotes that the sample has interacted with the UV excitation. As
explained in chapter 1, an electronic transition induces frequency shifts of the vibrational
modes of a molecule.

2.3.1 Setup

To measure ∆AUV (ω, t) of a sample we synchronize a commercial, pulsed Nd:YAG laser of
which we use the third harmonic (IB Laser DiNY pQ, 355 nm, 0.58 mJ, 3 ns, YAG in Fig. 2.1)
with the Ti:Sapphire system (section 2.2). We achieve a variable, computer-controlled time
delay between the two laser outputs in a similar manner as reported by other groups,104,114

using an electronic configuration shown in Fig. 2.2. The current generated by the oscillator
photodiode is amplified and frequency-divided to produce a 1 kHz signal. This signal triggers
(1) a pulse generator which provides the triggering for the Evolution pump laser and Pockels-
cell driver of the regenerative amplifier, (2) the gated amplifier used to record the signals of
the MCT-detector array and (3) a computer-controlled electronic delay generator (Berkeley
Nucleonics Corporation Model 575-4C). The latter provides the triggering for the Nd:YAG
laser that generates the UV-pump pulse as well as the “pump present” signal for the detection
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YAG

CP

LUV

λ 1
2
-P Spectrograph

OPA

Amp

PM2PM1

PM3
BS

S

Figure 2.1: Schematic representation of the laser setup used to measure UVIR spectra. The mid-IR
light originates at the Amp and ends at the spectrograph. The unlabeled black/gold components are
protected-gold mirrors. The unlabeled transparent blue rectangular components are high 355 nm
reflective glass substrates. The labelled components are discussed in subsections 2.2.4 & 2.4.1.

system. The maximum delay between the UV and mid-IR laser pulses is determined by the
repetition rate of the Ti:sapphire laser. The Nd:YAG laser is pumped at 500 Hz and can be
Q-switched at a rate ranging from 20 to 500 Hz. In order to attenuate the UV output, a 0.3 OD
neutral density filter is placed directly behind the laser head. The beam then passes through
a λ -half plate (λ 1

2 -P) and cube polarizer (CP) which can be used in combination to further
attenuate the 355 nm light in a continuous fashion. A CaF2 lens (LUV) of focal length f =
300 mm focusses the light a few centimeters behind the sample. At the sample, the pump
diameter is 1 mm. The 355 nm pulse length is determined from a cross-correlation with the
mid-IR pulses obtained by differentiating the pump-probe signal in a Ge plate. From a fit to a
gaussian function we obtain a full-width half-maximum (FWHM) of 3.6±0.4 ns for the pump
pulse. The polarization of the UV-pump and mid-IR probe are perpendicular with respect to
one another.
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Figure 2.2: Electronic setup used to synchronize the Ti:sapphire and Nd:YAG laser systems. The
solid lines represent light pulses, the dashed lines represent electronic pulses.

2.4 Two-dimensional infrared spectroscopy
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Figure 2.3: Schematic representation of the laser setup used to measure 2DIR spectra. The mid-IR
light originates at the Amp and ends at the spectrograph. The unlabeled black/gold components are
protected-gold mirrors. The labelled components are discussed in subsections 2.2.4 & 2.4.1.
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2.5 T2DIR spectroscopy

Two-dimensional infrared spectroscopy requires a spectrally-narrow mid-IR pulse in ad-
dition to the probe. In this thesis, we measure 2DIR spectra in the frequency domain. This
means that we scan the centre frequency of the narrow-band pump over the spectral range of
interest. The broad-band probe then monitors the change in absorption of the sample:

∆A(ω1,ω2, t) = AIR (ω1,ω2, t)−A0 (ω2, t) =− log10

(

TIR (ω1,ω2, t)

T0 (ω2)

)

, (2.8)

where subscripts ω1 and ω2 denote the frequencies of the pump and probe respectively.

2.4.1 Setup

After the probe and reference are generated at the BS, the remainder is passed through an
infrared Fabry-Perot filter (FP), resulting in pump pulses with a bandwidth of 10 cm–1 and
an energy of approximately 2 µJ (with an input of 18 µJ). The centre frequency of the light
is varied by adjusting the distance between the parallel mirrors of the FP using a feedback-
controlled piezoelectric mount. To provide the feedback, we project the pump beam after
it has passed the sample onto the probe array of the MCT detector. We achieve this by
overlapping pump and probe on an adjustable CaF2 plate (P in Fig. 2.3). The CaF2 plate is
used to couple the pump into the spectrograph. Since pump and probe run collinearly from
the plate onwards, a bi-positional flag is placed such that it blocks the probe and reference
during the optimization of the FP, and the pump when data is acquired for the measurement.
The delay between pump and probe pulses is controlled with a motorized delay stage (D
in Figs. 2.3). The pump is optically chopped (C in Fig. 2.3) at half the pulse repetition
frequency 1 kHz to provide the TIR (ω1,ω2, t) and T0 (ω2) shots and AIR (ω1,ω2, t)−A0 (ω2, t)
is determined using subsequent shots.

The pump pulses have an intensity envelope that is approximately a single-sided expo-
nential with a FWHM of 800 fs as determined from a cross-correlation measured using two-
photon absorption in InAs placed in a sample cell identical to the one used in the experiments
on the samples containing the sample. The polarization of the IR pump pulse is set at 45° with
respect to that of the probe pulse using a MgF2 zero-order λ -half plate (λ 1

2 -P in Fig. 2.3).
Subsequently, the polarization of the measured spectrum is selected using a polarizer situated
directly after the sample (Pol in Fig. 2.3) set at either 0° (parallel spectrum) or 90° (per-
pendicular spectrum) with respect to the pump polarization. The anisotropies R of the signals
are determined by repeatedly performing the measurements with parallel and perpendicularly
polarized pump and probe pulses, and calculating R = (∆A||−∆A⊥)/(∆A||+2∆A⊥).

2.5 Transient two-dimensional infrared spectroscopy

In our case, the transient two-dimensional infrared (T2DIR) experiment is a UVIR experi-
ment where the one-dimensional probe is replaced with a 2DIR experiment. Transient 2DIR
spectroscopy enables us to measure the 2DIR spectrum of a UV-excited state species. The
T2DIR spectrum, ∆∆A(ω1,ω2, tUV , tIR), is the difference between the 2DIR spectrum of the
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Figure 2.4: Schematic representation of the laser setup used to measure T2DIR spectra. The mid-IR
light originates at the Amp and ends at the spectrograph. The unlabeled black/gold components are
protected-gold mirrors. The unlabeled transparent blue components are high 355 nm reflective glass
substrates. The labelled components are discussed in subsections 2.2.4, 2.3.1, 2.4.1 & 2.5.1.

electronic excited state species, ∆AUV,IR (ω1,ω2, tUV , tIR), and the 2DIR spectrum of the elec-
tronic ground state species, ∆AIR (ω1,ω2, tIR):

∆∆A(ω1,ω2, tUV , tIR) = ∆AUV,IR (ω1,ω2, tUV , tIR)−∆AIR (ω1,ω2, tIR) (2.9)

= AUV,IR (ω1,ω2, tUV , tIR)−AUV (ω1,ω2, tUV )−AIR (ω1,ω2, tIR)−A0 (ω1,ω2,) (2.10)

=−
[

a · log10

(

TUV,IR (ω1,ω2, tUV , tIR)

TUV (ω2, tUV )

)

+(1−a) · log10

(

TIR (ω1,ω2, tUV , tIR)

T0 (ω2)

)]

+ log10

(

TIR (ω1,ω2, tIR)

T0 (ω2)

)

, (2.11)

where a is the fraction of molecules excited by the UV pump, tUV is the delay between the
UV-pump and 2DIR pulse pair, and tIR is the delay between the IR-pump and IR-probe pulses.
The terms in the square brackets are observed at the same time by the probe when both pump
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1000 Hz

500 Hz
250 Hz

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

probe shot count

100 Hz
500 Hz

Figure 2.5: Electronic timing of a pump-pump-probe experiment. The colored bars represent the
probe (red), pump (orange), and UV (blue) laser pulses. The green line in the middle graph shows
the electronic “pump present” signal which encompasses two subsequent pump pulses. The bottom
graph shows two possible repetition rates at which the UV-pump laser can be run.

pulses are acting on the sample.

2.5.1 Setup

The T2DIR experiment is a combination of the UVIR and 2DIR experiments described above.
We use the following pulse scheme (Fig. 2.5) to obtain the signals necessary to construct
∆∆A(ω1,ω2, tUV , tIR) as shown in equation 2.11: The sample is probed at a repetition rate of
1 kHz. The mid-IR pump pulse is optically chopped at a frequency of 250 Hz such that two
sequential pulses are allowed to pass and the following two sequential pulses are blocked,
effectively pumping the sample at 500 Hz (C in Fig. 2.4). The UV laser is run at a repetition
rate which is not a divider of 250 Hz (for the experiments in chapter 8 we choose 100 Hz).
In this manner, the following absorption spectra required for the generation of the T2DIR
spectrum can be recorded: The ground state absorption, A0 (ω2), is measured at each laser
shot where both UV and IR pumps are off (occurring at 450 Hz). The vibrational excited
state absorption, AIR (ω1,ω2, tIR) at a certain pump frequency and delay time, is measured
at each shot where only the IR pump pulse acts on the sample (occurring at 450 Hz). The
electronic excited state absorption, AUV (ω2, tUV ) at a certain delay time, is measured at each
shot where only the UV pump pulse acts on the sample (occurring at 50 Hz). The vibrational
excited absorption of the electronic excited state species, AUV,IR (ω1,ω2, tUV , tIR) at a certain
pump frequency and delay time, is measured at each shot where both IR and UV pumps act
on the sample (this occurs at 50 Hz).
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2.6 Sample composition

An extensive discussion on sample preparation is held in appendix A section A.1. What
follows is a brief description of the composition of a standard ni sample. All ro-
taxane experiments are carried out on a solution of the rotaxane (10−4 M) and 1,4-
diazabicyclo[2.2.2]octane (DABCO, 10−2 M) in CD3CN (Eurisotop, >99.8% D purity). Nei-
ther the solvent nor DABCO has absorption bands in the spectral region of interest. Argon is
bubbled through the sample for 20 min in order to remove dissolved oxygen from the solu-
tion. The sample is kept in a sealed IR cell consisting of two CaF2 windows separated by a
10 mm spacer (SL-3, International Crystal Laboratories). All steady-state Fourier-transform
infrared (FTIR) spectra are measured on a Bruker Vertex 70 spectrometer (resolution 2 cm–1).

2.7 Temperature-dependent experiments

The samples used for temperature-dependence studies were thermostated using a thermoelec-
tric temperature controller (TC-48-20 , TE Technology), 15-K1 thermocouple, and heat rods
(120 V, Watlow). We used an Infrared camera (ThermaCam, FLIR) to verify the temperature
of the cell before each measurement (see Fig. 2.6 for a typical measurement).

Figure 2.6: Thermal images taken with an infrared camera (ThermaCam, FLIR) of the sample cell at
313 K (left) and 343 K (middle). The temperature is recorded at the CaF2 windows. Normal image
of the thermostated sample cell in the laser setup (right).

2.8 Data analysis - least-squares fitting of the data

We used the Gnuplot interactive plotting program for all the data fitting. The temporal evo-
lution of the prominent peaks (i =ni•−init., ni•−final, succinit., succfinal, mcfinal) was fitted using a
global least-squares fit in which the formation of the radical anion and the subsequent shut-
tling are each described by a single rate constant. Generally, we normalize all transient UVIR
spectra and delay curves on the maximum intensity of the nis peak, the ni symmetric CO
stretch vibration. This removes the overall signal decay due to the recombination of the
charged species from the dynamics. We can therefore disregard this phenomenon in the fit-
ting. The reduction of the ni species by DABCO is a second order reaction. However, due
to the large excess of DABCO compared to the rotaxane, we can approximate the reduction
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2.8 Data analysis - least-squares fitting of the data

with an exponential function. The shuttling rate constant ks and the charging rate constant
kcharge are treated as global fit parameters. For all the fits, we used the Levenberg-Marquardt
algorithm to minimize χ2, defined as:

χ2 =
n

∑
j=1

(yobs.
j − ycalc.

j )2

σ2
j

, (2.12)

where yobs.
j is an observed quantity in the jth bin (in our case, this can be a delay point,

frequency, volume %, and temperature), ycalc.
j the corresponding calculated quantity, and σ j

the measurement error in the observed quantity. All the reported uncertainties in the param-
eter values are standard errors obtained from the variance-covariance matrix after the final
iteration of the least-squares fit.
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