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Abstract

Correlated pairs of photons can be used to access what is effectively an omnipresent absolute s
The process of spontaneous patametric downconversion, in which pump photons are conver
thought of as being stimulated by an omnipresent and omnidirectional one photon ?%i i
background has units of spectral radiance and can be expressed in terms of fundame
be determined by comparison to this background radiance. The comparison is mad
downconversion process so as to stimulate the éswmixg**@fgi@ﬁ process over that
only. This is done by inputting the unknown radiance into the system o as (o ove
output light. The process is monitored, not by ohserving the input light beam, but ‘?
viknown radiance. {This makes possible an additional advantage of this measuremen
measured by monitoring a visible beam.) The ratio of the increase in the correlated signal
the unknown source expressed in units of photons per mode. Initial studies of feasibi
radiance has been measured to waveleng
improve the uncertainty of this methed.

lity and
of S um mfa i}&tiﬁf than 3% uncertainty, We
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1. Introduction

We are investigating a technique that allows spec-
tral radiance to be measured by direct comparison to
what is effectively an omnipresent primary standard.
By this, we mean a source of spectral radiance that can
be thought of as due to a background of zero-point primas x standard
fluctuations in the vacuum field and is thus available i5 is important 53

of measurements «ggiii: more from i
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Accessible primary standards are one way to address
this problem, allowing for higher accuracy measure-
ments even though the primary standard used may not
have the least possible uncertainty. The ultimate in this
approach is to make measurements by direct compar-
ison to an absolute standard with no intermediary
transfer standards. We have applied this approach to
the field of spectral radiance. We discuss a technigue
that allows spectral radiance to be measured by direct
comparison to the ultimate inaccessible primary stan-
dards, an omnipresent primary standard.

This technique, first proposed by Kiyshko in 1977
[1} and demonstrated early on by Kitaeva et al. [2] and
Malygin et al. [3], has only recently been verified
metrologically [4]. Here we explore how varying
several operating parameters affect the uncertainty
of the method, yielding guidelines for improving
the overall measurernent uncertainty. These explora-
tions are crucial for the development of a practical
technique that can be used with confidence in a variety
of measurement situations,

1.1. Basic method

We present only a brief description of the principles
here, as more detailed descriptions have aiready been
reported [4,5]. The method makes uvse of optical
parametric amplification, that has the peculiar char-
acteristic that an outpuf is produced even with no
apparent input [6]. This cutput can be thought of as
being an amplification of a one-photon-per-mode
vaccum background that is always present. Because,
this background quantity, “‘one-photon-per-mode”,
has the units of spectral radiance and can be written
in terms of fundamental constants as R.,.=hc*/\’
[L7], it can be thought of as a primary speciral
radiance standard. Being a property of the vacuum,
it is also omnipresent. Spectral radiance is measured
by comparing the output levels of an optical para-
metric amplifier when amplifying the radiance o
be measured versus amplifying the one-photon-
per-mode radiance of the ommipresent primary stan-
dard.

Our implementation of the measurement method is
shown in Fig. 1(a). The optical parametric amplifier
consists of a nonlinear crystal pumped by a laser at
wavelength A,. A nencollinear optical parametric
downconversion (PDC) arrangement is used, produ-
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Fig. 1. {a) Scheme for sbsolute radiance measurement using
parametric downconversion. (b} Details of the intersection of pump
and IR input beams and the detection viewing dirsction.

cing pairs of downconverted photons, emitted over a
ange of wavelengths and output angles determined by
the constraints of energy conservation and phase
matching [81. In cur setup one photon will be in the
visible, A, and the other of the pair will be in the IR,
Ar. To amplify an IR beam using this system, the
beam is inserted into the crystal so a8 to overlap
{(spatially, spectrally and angularly) a portion of the
downconverted output. Because the output photons
are created in pairs, this amplifier actually has two
output channels, one at the wavelength and direction
of the imput beam and one at the wavelength and
direction of the photons correlated to that input beam
{as determined by the energy and phase matching
constraints). This allows one to use 3 visible detector
to monitor an IR beam. The spectral radiance of an IR
beam may be obtained from the ratio of the visible
output of the amplifier when amplifying the beam to
be measured versus amplifying just the background
radiance. Because the absolute spectral radiance deter-
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mination depends only on the ratic of the visible
signal levels rather than any absclute light level, a
calibrated detector is not reguired; it need only be
inear.

The key to making this technigue metrologically
robust lies in understanding the sensitivity of the
amplification process to spatial, angular, and spectral
effects, These, in turn, determine the spatial, angular,
and spectral ranges that must be filled by the radiance
beam to be measured. Ideally these ranges would be
uniformly overfilled. In practice this cannot be
achieved. However, by modeling how well these
ranges are filled, one can determine an overlap factor
that is used to scale the observed ratio to the ideal ratio
{that would be obtained with a uniformiy overfilled
sensitive region). Because making this overlap factor
as close as possible to unity reduces the uncertainty of
its calculation, it is impertant to understand how it
depends on various parameters.

The spectral radiance measurement eguation as
described in the previous work is

[

R (rys(on) /ny (off)) — 1‘
€

where ny;(on) and n.,;(off) are the visible PDC signals
with the IR source shutter open and ¢losed, and ¢ is the
total system efficiency [4]. The ¢ term is the product of
the overlap factor and g, the transmittance of the IR
imaging system. (73 is used to extract the radiance at
the source rather than the radiance as imaged into the
crystal.) It is the nature of the overlap component of ¢
that is the focus of this work.

Here we explore the effects of varying the magni-
fication and collection angle on this overlap factor. By
this, we are able to find the optimum configuration that
yields the maximum overlap factor thus reducing its
uncertainty. In addition, verifying the shape of the
overlap dependence on these parameters has provided
an additional test of our understanding of the overall
method.

1.2, Overlap model

1.2.1, Spatial overlap

Here we present an overview of a number of effects
that are included in ocur model of the overlap factor. In
our original paper we calculated only a spatial overlap
with assumptions that that was the most significant

[
s

component. While that was a reasonable assumption
in that particolar measurement arrangement, it is
useful to guantify and test the Hmits of that assump-
tion.

The spatial overlap factor is caleulated by integrat-
ing the product of pump beam and IR beam spaiial
profiles within the crystal and normalizing to the
integral of the pump beam in the same volume.
Fig. 1{b) shows schematically the spatial profiles of
the beams and the intersection region. The purap beam
profile is Gaussian. The IR beam profile was best fit fo
a parabolic form with a cutoff at zero. An additional
refinement has been added to this spatial overlap
calculation since the previous work. While the pump
beam enters the crystal fairly close to normal, the IR
beam enters at a large angle resulting in an astigmatic
IR beam within the crystal. This astigmatism is now
mcluded in the overlap by using separate factors to
describe the horizontal and vertical extents of the
beam.

1.2.2. Angular overlap

In our original work [4] the angular overlap factor
was assumed to be unity. Here we explicitly calculate
its value. In analogy to the spatial factor which is the
integral of the product of two profiles, here we inte-
grate the product of the angular profile of the IR input
beam and the profile of the sensitive IR angnlar range.
The difference for this case is that we determine the
sensitive IR angular range by converting from the
range of visible angles seen by the detector through
the phase matching and energy constraints. This over-
tap factor also reguires a two-dimensional integral,
because, while the vertical range of angles seen by the
detector s limited solely by the geometric collection
limit of the detector (determined by the detector
aperture and ifs distance from the source), the hor-
izontal range may be limited either by the geometry of
the detector’s collection optics or its spectral limita-
tion. {The spectral filter can limit the range of angles
seen though the phasematching constraint that ties the
wavelength of the ontput to its angle of output, see [4]
for details.) For the profiles of the vertical and hor-
izontal sensitive IR angular ranges, we have used
Gaussian shapes with halfwidths matched to these
limits. The angular profile of the arc source output
bearn was measured experimentally to be relatively

uniform over a full angle of ca. 80 mrad and to have a
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A third fa the waﬁag calculation was
also cons aﬁfed ’Eb*s f tor limits the region within
the crystal pumped by the laser that may be seen by the
detector. This limitation occurs because the detector
collection aperture is finite and the crystal is an
extended source {(see insetis :f Fig. 1(by), s0 there
can be arrangements whar& portions of the crystal
emit light of the proper wavelengths to be passed by
the spectral filter, but at angles that cannot reach the
detector geometrically. This effect is included in the
overlap integral by the addition of a third factor. The
total spatial overlap then becomes the integral of the
product of the pump beam, the IR beam, and the
visible viewing region. Because this viewing region
limitation samples a relatively broad range of the
overlap (;*? the eﬁ%v two profiles, the addition of this
third limit has relatively little effect on the final

overlap, only %E‘C‘E”?" raising the overlap factors for
the Jowest magnifications. The overlap f&c@:@y
increases éea&a@ﬁ éﬁ or preferentially samples

the center of the e,rvgzai
and IR beams is greatest.
Fig. 2 shows how the individual spatial and angular
overlaps vary with magnification for a fixed lens aper-
ture. They vary as expected: the spatial overlap factor
approaches unity as the magnification increases and the
angular overlap approaches one at smal E magnifications
where the angular extent of the beam 1 gf@s&;@ﬁ. The
effect of these two factors is seen in ib e product, that
shows a maximum at an intermediate magni i -ation.

e the overlap o of the e pump

2. Experimental

The measurement system consists of a L0, crystal

3 mm thick pumped by an Ar’ laser i?}}c?éiiﬁc‘ at
4

57.9 nm, with a beam waist of 0.8 mm at the
The angle between the crystal optic axis and the ;mmz}
beam was 26.17, allowing us to produce 0.506/
4.81 um pairs of downconverted photons at ouiput
angles of 3.2° and 31.7°, respectively. The 0.306 um
light was detected by a silicon avalanche photodiode
(APD) 560 mm from the crystal. A 2.9 nm bandpass
flter centered st 0.506 um was used o limit the
spectrurn of the light seen by the detector. In addition,
a 0.4 mm detector collection aperture was used. As
discussed in our previous paper, the range (whether
limited by geometric collection angles or a spectral
filter bandpass) of visible light seen by the detector
determines the ranges of IR radiance to which the
measurement 18 sensitive.

The radiance source measured is an Ar discharge
arc with a temperature nominally equivalent to 2
10000 K blackbody [91. The output of this source
1s imaged into the QE}’&{&E with a 101 mm focal length
ZnSe lens. An iris mounted on the lens is used to set
the collection ¥/#. An antireflection ceated silicon
filter eliminates visible and UV cutput of the arc. A
shutter is used to trn the radiance beam from the arc
on and off. The arc and imaging {;g}izgc, are all mounted
on an optical rail. The end of the rail is attached o 2
gimbal so that the optical axis of the rail stays centersd
on the crysial as #ts angle is varied. This allows the
input direction of the IR beam to be adjusted for
maximum angular overlap nearly independently of
the spatial overlap.
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Fig. 2. Calculation
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iar, spatial, and total overtap factors are shown for the current experimer

p with a 25 mm diameter lens
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Measurements of the ratio of the output at 0.506 pm
were recorded with the arc shatier open and closed.
?his ratio was determined as the magnification and

ns iris diameters were varied. The magnification was
éeé from 0.8 E:{; %w mav;ﬁg Efag lens and arc éégmf)f
Y iG
slightly adjust *Ezp Ez@;zz@%mi and aa?‘u:ﬁ p@%@%ﬁ@@”sg of
the lens, to be certain that the IR beam was centered on
the crystal region pumped by the laser. For these
measurements the transmittance of the IR imaging
systern 7yp was taken to be 0.7212:0.008 as previously
determined.

Fig. 3 shows the ratios of the downconverted sig
nals of the arc and the background (this ratio must bez:
éwﬁecﬁ %y € to get the absolute radiance at the sourc
The ra are shown for several lens aperture dmv
metaz‘s as the imaging magnification is varied. The
curves are {%ze result of calculations of the overlap
models. The overlap factors are Qaﬁsgiaieé relative to
unity, the m: um possible overlap, but for compar-
ison they have been scaled by the radiance of the arc at
the crystal as determined previously by conventional
means. {The radiance of the tal position
in the measurement passband is 1.654:0.03 photons
pes mode tmes Tyr.) The data taken with the 25 mm
aperture best show the trade off between the spatial

ii
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and an g* E< @ve?hzg} factors as the magnification of the
% s. Large mag z};ﬁautgm improves the ¢
tial @%51&3 while lower 'ﬁ&ggzﬁfa?zam increases the

angular spread of the beam improving the angular
534 fiafgs %za,w; ’?be %?iiﬁéiﬁri E"f}fgﬁfﬁéiiaféitﬁ oCCurs at

magni %fsmam as ‘:%ze apﬁi‘?{%i‘ﬁ is fézém aéﬁ;
because smaller apertures reduce the angular extent of
the beam thus reducing the angular overlap factor. By
moving to a somewhat smaller magnifica z:mz with ifs
lower spatial overlap, the angular overla g} s increased,
optimizing the product of the two factors. Of course
this optimum overlap value will he E@%}&f than those
obtained with a larger lens aperture.

The data are in overall agreement with the overlap
modeling. Hrror bare on the curves indicate uncer-
tainty due to system parameters that are used in

aiculating the overlap factors. The largest of these
is due to the lens diameter, The measured ratios have a
dominant relative 5.3% uncertainty due to source
fluctuations (not shown in the figure for clarity).
The largest relative deviation between the model
and data occurs for the smallest diameter aperture.

This is most likely due to uncertainty of the aperture
size. For this smallest aperture 2 fi 6{:1 diameter uncer-
iamiy has the largest relative sf on the overlap

culation. This underscores the point that for lowest
i:;zzessfzézﬁé}' it is best to operate with the overlap factor
as close o one as possible, that is with a large
collection angle and optimum magnification.
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4. Conclusions

We have explained how this correlated photon

based speciral radiance technigue can be considered
to be tied to an a;}gsm‘és primary standard that is
accessible to all. We have mapped out how the method
15 affected by varying an important operating para-
meter, the collection system magnification. We have
been able to model these effects indicating good
understanding of the underlving processes. This
exploration can be used as a guide on how to obtain
the optimum signal and lowest uncertainty. These are
the keys to making the technique intc a truly useful
metrological method that can be used with confidence.,
This sheuld allow others to use this ommipresent
spectral radiance standard to take advantage of the
resulting shortened measurement chain between pri-
mary standard and source fo be measured.

With a better understanding of these operating
parameters we can begin fo explore other parameters
such as speciral bandwidth which may lead to further
improvements in the system efficiency and its asso-
ciated uncertainty. A straightforward way of testing

this would be to replace the spectral filter with a small
spectrometer. In addition to a variable bandwidth this
would allow tunability of the wavelength region where
the spectral radiance is measured.
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