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Synchrotron infrared photoacoustic spectroscopy

Kirk H. Michaelian®
Natural Resources Canada, CANMET Western Research Centre, 1 Oil Patch Drive, Devon,
Alberta T9G 1A8, Canada

Richard S. Jackson
Bruker Optics Inc., 19 Fortune Drive, Billerica, Massachusetts 01821

Christopher C. Homes
Department of Physics, Brookhaven National Laboratory, P.O. Box 5000, Upton, New York 11973-5000

(Received 19 June 2001; accepted for publication 31 August)2001

The use of synchrotron radiatigi$R) as a far- and mid-infrared source in the measurement of
photoacoustic Fourier transform infrared spectra of solids is demonstrated for the first time in this
work. Initial experiments were performed at beamline U10A at the National Synchrotron Light
Source, Brookhaven National Laboratory. For synchrotron photoacoustic spectroscopy to be
feasible, it must yield results superior to those obtained with a conventional théBiudiar®)

source; accordingly, SR and GloBgshotoacoustic spectra recorded under similar conditions were
compared in detail. The intensities of SR far-infrared photoacoustic spectra were found to be
consistently greater than the corresponding GiBtspectra. At shorter wavelengths, SR always
underfills the effective apertur@r, alternately, sample sizeSR is a superior source in a spectral
region that is a function of this aperture. The high wave number limit of this region exhibits a
power-law dependence on aperture size. This investigation also showed that the entire mid-infrared
photoacoustic spectrum is more intense using SR and apertures smaller than approximately 0.5 mm.
© 2001 American Institute of PhysickDOI: 10.1063/1.14161Q7

I. INTRODUCTION erture(or sample size and the spectral region to be investi-
gated.

In this work, SR and thermal radiation sources are com-

red in the context of mid- and far-infrared photoacoustic

A) spectroscopy, where the IR beam is usually slightly

The utilization of synchrotron radiatiof8R) as an alter-
native to traditional thermal radiation sources in infrared
spectroscopy has been documented by several resear

1_6 . . . . _
groups.™°Beginning with the Daresbury Synchrotron Radia focused to about 5 mm. Significantly smaller beam sizes

Ezr;mslicrjl Lérscia:\r;etrt];egl(t;uﬁt ?:t;i;arr;;l 2”61 m:’g; gfng:rri;?:r\{vere also investigated in this study. The PA technique is of
e s . y y interest because it permits characterization of difficult
facilities in several countries; more are planned or alread

. cady amples such as carbonaceous solids and cla minerals,
under development. Many of these beamlines are dedmatetfl P y

to infrared microspectroscopy, and are designed to take a vhich frequently are not amenable to traditional sample
Ospec by, . S!9 %/reparation procedures. PA spectroscopy also affords the
vantage of the intrinsically high radian¢exdiant power per

unit area per unit solid angleof SR in the mid-infrared. possibility of depth profiling of layered or inhomogeneous

. L . samples. The two primary objectives of the current investi-
Other beamlines are optimized for far-infrared SpeCtrOSCOpygation which has also been briefly described in an extended

in recognition of the fact that SR is more intense than con-

ventional Globa? and Hg arc blackbody sources at Iongerabstracﬁ are as follows: first, to demonstrate the feasibility
. . . f PA infrar R I ; an n rmin
wavelength$:® Both mid- and far-infrared beamlines are be- ° ared SR spectroscopy; and second, to determine

) . . . whether this technique vyields results superior to those from
N9 deS|g_ned at the C‘?‘”ad.'a” Light Source, currently unOleéonventional PA infrared spectroscopy, either in the far- or
construction at the University of Saskatchewan. L .
. ) ... mid-infrared regions.

The number of infrared SR experiments performed with
common (macrg sampling accessories is still relatively
small/® primarily because the advantages of SR rapidly di-
minish as solid angle increases. In commercial Fourier trans-  Experiments were performed at beamline U10A on the
form infrared (FT-IR) spectrometers, the beam diameter atyvacuum ultraviole(VUV) ring at the National Synchrotron
the sample position is commonly about 1 cm; depending omight Source, Brookhaven National Laboratory. This beam-
wavelength, SR may not be superior to thermal radiation inine is equipped with an evacuable Bruker IFS 66v/S FT-IR
experiments utilizing IR beams of this size. Thus the choicepectrometer. This instrument can be operated with both
between the two radiation sources is a question of both apmid- and broadband far-infrared beamsplitté7900—400
and 650—30 cm', respectively, utilizing either a standard
“Author to whom correspondence should be addressed; electronic maifiermal (Globaf®) source or SR from the VUV ring. Both
michaeli@nrcan.gc.ca sources of infrared radiation were used in this feasibility

II. EXPERIMENT
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TABLE |. Samples analyzed in this work. 0.6 . L . ! . 1 L L
Sample Regiorfcm %)

0.5 1 I
Glassy carbon 30-1000
Carbon-filled rubber 30-6000
Clay 400-6000 0.4 4 =
Hydrocarbon coke 400-6000

o
w
1

PA Intensity

study. An MTEC 100 PA cell and preamplifier were inter-
faced with the spectrometer to allow measurement of PA 024
infrared spectra. 1

Beam current in the VUV ring normally varies between 0.1
about 400 and 1000 mA, depending on the elapsed tipe
to approximately 5 hsince the most recent injection into the 0.0 ‘ . ' . ' i . .
ring. Since PA detection is a zero-baseline technique tha 0 200 400 600 800 1000
produces absorption spectra, intensities of PA infrared Sk (a)
spectra are observed to vary linearly with this current. To
permit comparison of data obtained at different times, SR - T T
spectra were normalized to a beam current of 700 mA. This
means that the SR signal levels reported here in the compari
sons with the Glob&r source can be equaled or exceeded ]
50% of the time. It should be noted, that this is a slight = 5
modification of usual practice on this beamline, in which
spectra are normalized to a beam current of 1000 mA.

PA infrared spectra were recorded for the following
samples: carbon-filled rubber, glassy carbon, clay, and coke
residue from thermal treatment of aromatic hydrocarbons.£
These samples are listed in Table I, together with the spectrag
region covered for each. When appropriate, circular brass% 27
apertures with diameters ranging from 0.5 to 3 mm were®
placed directly over the samples to reduce the size of the
infrared beam. To avoid edge effects the central 3 mm of
each aperture was milled out, leaving a thickness of only
100 pwm. (b) ;

The PA cell was purged with helium gas for several min- Wavenumber / om
utes prior to the measurement of each spectrum. It should b&c. 1. (8 Far-infrared PA spectra of glassy carbon, obtained with two
noted that the He used in these experiments had an unusualiifferent sources of infrared radiation. Solid line, synchrotron radiation
high concentration of water vapor; a PA cell that has beefSR: dashed line, Globdr (b) Ratio of the SR spectrum ife) to the

. . . . lobaf® spectrum. The dashed line at 1.0 is drawn as an aid to the reader.
purged with He should in fact yield no measurable signal
from vapor phase species. The presence of this level of water ) ) ) )
vapor is generally not desirable in PA spectroscopy, becausPlids to obtain results free from th_ese mterfe_rlng absorption
it adversely affects the signal-to-noise ratio. Because of th8&nds. Subtraction of spectra obtained in this way also cor-
data analysis methods used in this work, however, it does ndected for the non-negligible signal arising from the brass
affect the conclusions. aperture itself.

Double-sided interferograms were recorded in rapid-
scan mode, in both forward- and backward-scan directiongj|. RESULTS
using the lower mirror velocities on the IFS 66v/S. The mostA Far-infrared spectra
commonly used velocity corresponds to a modulation fre- P
quency of 2.2 kHz at the wave number of the reference HeNe Figure Xa) compares a far-infrared PA spectrum for
laser (15800 cnt). The nominal resolution of the spectra glassy carbon, obtained using $8vlid line), with the cor-
was 6 cm?. Phase correction, apodization, and Fourierresponding Glob& spectrum(dashed ling These spectra
transformation were carried out withpus standard Bruker were recorded with no aperture above the sample and corre-
software that controls the spectrometer. Spectra of residuapond to an infrared beam size of 5 mm, although it should
water vapor in the PA cell, which make an unwanted contri-be pointed out that the SR underfills this aperture. Glassy
bution to PA spectra obtained with the GloBaource, were carbon does not give rise to specific absorption bands in the
obtained separately by placing a piece of aluminum foil befar- and mid-infrared regions; instead, the features in this
tween the aperture and sample, preventing the infrared beafigure are due to the choice of optical compondetg., the
from impinging on the solid. These spectra were subsebroadband far-infraredFIR) beamsplittef and the presence
quently subtracted from the corresponding PA spectra of thef residual water vapor in the PA cell.
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FIG. 2. Mid-infrared PA spectra of common clay, obtainedmét 1 mm

beam. Solid line, synchrotron radiati¢S8R); dashed line, Glob8t FIG. 3. Ratio of SR PA spectrum of carbon-filled rubber to the correspond-

ing Globaf spectrum, obtained with an aperture of 2 mm. The dashed line
at 1.0 is drawn as an aid to the reader.
The ratio of the SR spectrum to the GloBapectrum is
plotted from 50 to 650 cmt in Fig. 1(b). The dashed line at
1.0 is drawn to facilitate interpretation of the data. It can bemid-infrared. This region contains several bands due to
noted that the SR spectrum is more intefise, the ratio is  silicon—oxygen stretching and other vibrations involving the
>1.0) than the Globdt spectrum at frequencies below about heavier atomgSi, Al, O) in the clay lattice.
200 cm %, whereas the Glob&rspectrum is the stronger of The GlobaP spectrum contains a series of prominent
the two at higher wave numbers. This result is noteworthyrotation—vibration bands due to water vapor between about
for two reasons: first, it shows that the intensity of the avail-1400 and 1900 cmt. Analogous bands occur in the hydroxyl
able SR at frequencies below 200 chiwavelengths greater stretching region between 3600 and 4000 ¢nwhere O—H
than 50um) exceeds that of a standard thermal source, evebands due to clay are also observed. The water bands are
for a relatively large infrared beam; and second, it confirmgositive-going(absorptiveé because water vapor is enclosed
the feasibility of far-infrared PA spectroscopy, a techniquein the PA cell; by contrast, when the spectrometer contains
that has received rather limited attention in the scientifiovater vapor the resulting bands are transmission-like, be-
literature’%** cause energy is removed from the beam before it impinges
In addition to the results in Fig. 1, two sets of far- on the PA sample cell.
infrared PA spectra were obtained for carbon-filled rubber. In. A simple explanation can be put forward to account for
these experiments, an aperture was used to limit the beafRe fact that the intensities of the water bands in the Gfdbar
size to 3 mm. The SR PA spectrum was more intense than thépectrum are much greater than in the SR spectrum. In the
Globaf® spectrum at frequencies up to 300 chin one ex-  apsence of optical and thermal saturation, PA intensity in-
periment, and to 365 cht in the other case. The results of creases linearly with sample concentration. The infrared
these measurements are discussed further in the detailggam from the Glob&rhas a larger diametér=10 mm and
comparison of SR and GloBaspectra later in this article.  syptends a significantly larger solid angle than does the SR.
Hence the volume of gas in the PA cell illuminated by infra-
red radiation is larger in the GloBaexperiment, causing a
B. Mid-infrared spectra stronger PA signal from water vapor. Although fortuitous,

Figure 2 compares mid-infrared PA spectra of commorthis effect favors the SR spectrum, simplifying its appear-
clay (a layer silicatg obtained with the two sources of in- @nce and interpretation.
frared radiation utilized in this investigation. Following the ~ Further mid-infrared results are shown in Fig. 3, which
convention used in the previous figure, the solid line is thedepicts the ratio of the SR PA spectrum of carbon-filled rub-
(uncorrectedl SR spectrum, while the dashed line is theber to the corresponding GloBaspectrum at an aperture
Globaf® spectrum. These PA spectra were obtained with a Bize of 2 mm. Two salient points can be made with respect to
mm aperture placed above the sample. The spectrum arisiftis figure. First, the general appearance of the left-hand side
from the aperture alone was not recorded; hence its contrief the graph is similar to Fig.(b), except that it is shifted to
bution to the curves in Fig. 2 cannot be removed. higher wave numbers. This is expected for smaller apertures.

Inspection of Fig. 2 reveals that the SR spectrum is moréecond, the trend of the graph in Fig. 3 reverses at about
intense than the Glob&3rspectrum at frequencies between 2000 cmi®: the SR signal improves relative to the Globar
approximately 300 and 1000 crh Importantly, for the signal as frequency increases. This is due to the fact that the
smaller beam size of 1 mm, the spectral region in which SRGlobaf® is a blackbody source, for which emitted energy
is preferable to the Glob&iincludes a significant part of the diminishes rapidly at high wave numbers.
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FIG. 4. Mid-infrared PA spectra of carbon-filled rubber, obtainechvdt1 mmbeam:(a) Globaf® spectrum,(b) Globaf® spectrum after subtraction of
spectrum due to water vapdec) SR spectrum, an¢ll) ratio of spectrum ir(c) to that in(b). The solid line in(d) is an experimental fit to the data; the dashed
line at 1.0 intersects this curve at the frequency where SR and Glf#aintensities are equal.

C. Comparison of SR and Globar ® PA infrared spectra The SR spectrum, which does not require a similar correc-

The results in the previous two sections show that thd'on. Is lllustrated in Fig. éb) . _
value of the highest infrared frequency at which an SR PA Begause t_he specira in Flgs_,(b)l and 4c) are noisy,
spectrum is at least as intense as the corresponding GlobaYisua! inspection of a plot containing both curves tends to

spectrum depends on the size of the infrared beam. In thigroduce a rather subjective estimate of the crossing fre-
section, the relationship between this “crossing QUency. On the other hand, calculation of the ratio of these

frequency’—the point where the two spectra cross—andWo spectra(SR/corrected Glob&) yields a more objective
beam size is analyzed in more detail. result; the ratio of the spectrum in Fig(ch to that in Fig.
Data for carbon-filled rubber serve to illustrate the4(b) in the 1650—2200 ci region is depicted in Fig. (4).
method. Figure @) shows the entire mid-infrared PA The individual data points exhibit a scatter of about 0.1-0.2
Globaf® spectrum, obtained wita 1 mmaperture. 132 scans units. A simple exponential curve fitted to these points inter-
were averaged in this experiment. As described above fogepts the dashed horizontal line corresponding to a ratio of
clay, bands due to water vapor are prominent in the 1400-1.0 at about 1850 cit. This infrared frequency is therefore
1900 and 3600—400 cm regions of this spectrum; weaker taken as the crossover point for PA spectra of carbon-filled
CO, bands also appear near 2350 ¢miTo model these fea- rubber measured with the 1 mm aperture. In other words, the
tures, a background spectrum was obtained by blocking thentire “fingerprint” region of the infrared is more intense in
infrared beam just above the sample with Al foil, as ex-SR PA spectra than in GloWaspectra when the beam size is
plained in Sec. Il. Subtraction of this background from therestricted to 1 mm.
original Globaf spectrum in Fig. @) yields the result in A similar strategy was used to analyze several other sets
Fig. 4(b), in which the unwanted bands, as well as the gray-of PA spectra where absorption by water vapor makes deter-
body background from the aperture, are effectively removedmination of crossing frequency difficult. In total, eight sepa-
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FIG. 5. Dependence of crossing frequency on aperture size. The crossi
frequency is the wave number at which SR PA intensity equals Gldbar
intensity. The solid line is a least-squares fit to the data.

"8G. 6. variation of frequency with aperture size for selected SR/Gfobar
intensity ratios. The curves represent power-lawx™) fits to the experi-
mental points(see legend Ratios represented in this graph are (bfen
squares, dotted ling 1.0 (filled triangles, solid ling 2.0 (filled circles,
dashed ling and 2.8(open triangles, dash-dotted ljne

rate comparisons of SR and GloBaPA spectra were per-
formed in this work, the objective of these experiments being

accurate observation of the dependence of crossing freo-f this work. The results also define conditions under which

guency on aperture size. In addition to the results for carbonSR IS Superior tp a thermal source, which was the second
oal mentioned in Sec. I.

fil ibed in th i hs, othe? .
illed rubber described in the previous paragraphs, othe The comparison of SR and GloBaPA spectra can be

spectra of rubber were analyzed, as were data for glass ) . . -
b y 9 %presented in a slightly different manner by generalizing the

carbon, clay, and coke. . . .
Results of these calculations are depicted in Fig. 5, inconcepts discussed in the above paragraphs. The preceding

, : . : lysis involves the characterization of the crossing fre-
which crossing frequency is plotted as a function of aperturéd"2Y : .
g freq y1sp b quency, defined as the point where SR and Gl®smectra

size. Among the data displayed in this log—log plot are th . o . S
fgnave equal intensities for a particular aperture size; it is also

values for glassy carbon and carbon-filled rubber that we ) ) . _ .

described in the preceding paragraphs. A result derived fro esirable %O de_ter_mm_e t_h_e infrared frequencies at which the

the clay spectra in Fig. 2 is not included, since an appropriat R/GIObf_i rath Is significantly gr_eater than unity. These_
requencies define the spectral region where the use of SR in

1 mm background spectrum was not obtained. PA infrared N p distinct advant
As noted earlier, crossing frequency increases with di- Infrared spectroscopy offers a distinct advantage.

minishing aperture size; the rate of change appears to be The eight pairs of spectra obtained in this work were

much greater for apertures below approximately 2 mm’exammed to ascertain the infrared frequencies that corre-

which is roughly the point at which the aperture begins tospond to SR/QIob@rratlos ranging from 0.8 t0 2.8, at mter— .
clip the SR beam. The straight line in Fig. 5 is a least-square gls of 0.2 units. Representative results are summarized in

fit to th . tal points. Th tion that d ibe519: 6, which shows th_e variation of frequency with aperture
tlhiso“neeisexperlmen al points © equation that descr e5|ze for SR/Globdt ratios equal to 0.8, 1.0, 2.0, and 2.8.

Both frequency and aperture size are plotted on linear scales
in Fig. 6, in contrast with the log—log plot discussed earlier.
This linear presentation emphasizes the fact that frequency
varies more rapidly for smaller apertures. For each ratio, the
where v, is the crossing frequendgm ) andx is the ap-  data were fitted by a power-law function of the fomrsx™,
erture size(mm). It is of interest to determine the aperture wherev denotes infrared frequency,s aperture size, anah

size at whichv, equals 4000 cm!, which is commonly is analogous to the slope in Fig. 5. As noted in the legend to
taken as the upper limit of the mid-infrared region. Substi-Fig. 6, m takes values of-1.3007,—1.342, —1.5042, and
tuting log(4000=3.602 06 into this equation, one obtains an —1.4919 for the four respective ratios mentioned above.
aperture size of 0.51 mm. Hence this analysis leads to a Figure 6 makes it straightforward to determine the fre-
significant prediction: the entire mid-infrared region shouldquency intervals in which the SR/GloBaintensity ratio ex-

be more intense in SR PA spectra than in GI8kspectra for  ceeds a particular value. For example, the curve correspond-
aperture(or sample sizes less than 0.5 mm. Of course, far-ing to a ratio of 2.0(dashed lingshows that a SR spectrum
infrared SR PA spectra are also more intense than the correaeasured with an aperture of 2 mm is at least twice as in-
sponding Globdt spectra at this relatively small beam size. tense as its Glob&rcounterpart at infrared frequencies up to
These findings confirm the viability of both far- and mid- 400 cni %; this interval extends to about 625 and 1160 ¢m
infrared SR PA spectroscopy, which was the main objectiveat apertures of 1.5 and 1 mm, respectively. This example

log v.= — 1.341 98 log + 3.211 78,
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shows how the information in this figure can be used tosurement of PA spectra of very small samples, possibly with
decide whether the choice of SR instead of a thermal sourcdimensions smaller than the decay length of the thermal

in a particular PA experiment is justifiable. wave.
A final point should be made with respect to sample size
IV. DISCUSSION in SR PAinfrared spectroscopy. This investigation has shown

The results of this investigation, believed to be the firstthat SR tends .to surpass a Gl.o%a_aource In a PA experiment
s aperture sizéor sample sizeis reduced. Hence—even

successful attempt at measurement of SR PA infrared spectrﬁ, S .

show that both mid- and far-infrared PA spectra of solids carY‘”th the current fpcus size in the PA cell—the_re 'S no n_eed 0
indeed be obtained using synchrotron radiation instead of gmp!oy conventional PA sample cups, which contain ap-
thermal blackbody infrared radiation source. As might hav roximately 10100 mg of sample. A much smaller sample

been anticipated, the advantages of SR become greater as %lder can be Ut'_“zed' such as the smgle-pamcle and single-
iber microsampling accessories available from MTEC Pho-

wavelength increases and the effective sample size de- tics. In fact. th £ th ies h read
creases, provided that the wavelength remains much Sma”g?acous Ics. In Tact, the use ot these accessories has already

than this size. These observations should be taken into cof<e" shown to produce improved signal-to-noise ratios in PA

- . . 3 . .
sideration during the design of future experiments in SR paPectia obtained W'th a Globarsource! M|c_;rosampl|ng
Spectroscopy. should be compatible with the small beam in a SR PA ex-

To place the current work in context, it should be men_periment, and produce spectra with less noise than those ob-

tioned that a PA detector was designed for x-ray absorptioﬁ"’“ned in the present exploratory work.
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