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ABSTRACT
We have developed a circular dichroism spectrometer working in the terahertz (THz) frequency regime.  As THz spectroscopy is specific to 
collective vibrational modes in macromolecules (and collective modes in condensed, polar media such as water), the spectrometer should 
provide spectral fingerprints of biological materials.  Moreover, by focusing on circular dichroism the spectrometer should provide 
fingerprints of these materials uncontaminated by the strong background absorbance of water and other polar materials.  We have built this 
spectrometer and have pushed its signal to noise down to 1 part in 10^4.  While this is more than sufficient to detect the strong circular 
dichroism of macroscopic, chiral objects, it is apparently insufficient to observe circular dichroism arising from common biological 
materials.  Current efforts are aimed at 1-2 orders of magnitude improvements on this detection limit.
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Statement of the problem studied We have characterized both the absorbance and 

circular dichroism spectroscopy of several characteristic biopolymers under realistic 

(aqueous) conditions.  All previous studies of the THz absorbances of these materials 

were conducted on dry samples so as to avoid the strong absorbance of water, but these 

samples are poor proxies for the solution-phase biomolecules most likely to be 

encountered in BW detection scenarios.   

 

Summary of the most important results In order to overcome the strong THz 

absorbance produced by liquid water we have employed two distinct and yet 

complimentary approaches.  The first was to conduct direct absorbance measurements 

using the kW power of the UCSB free electron laser (FEL) coupled with highly sensitive, 

cryogenic detectors.  This combination allows us to probe even extremely thick, optically 

dense samples.  We also designed and optimized several variable length sample cells that 

allow us to extract the absorbance of solution-phase biomolecules against a background 

of much more strongly absorbing material.  Key elements of this approach involve the 

automated collection of data over a range of pathlengths.  This allows us to determine 

extinction coefficients from knowledge of how absorbance changes with pathlength, 

obviating the need to know either absolute absorbance or absolute pathlength and greatly 

simplifying the requisite measurements (for example, the inevitable absorbance and 

reflectance of the sample cell do not contribute to the difference signal and are thus quite 

effectively controlled for).  Using this approach we have measured the absorbance 

spectra of bovine serum albumin and lysozyme in water (manuscripts in preparation).  

We have also conducted the most precise and exhaustive survey of the absorbance 



spectrum of water (and several aqueous buffers) over the range 0.3 to 3.4 Thz (Xu et al., 

2005).  

 

Our second approach for overcoming the strong THz absorbance of water was to perform 

circular dichroism spectroscopy.  Simulations and analytical calculations suggest that the 

CD spectrum of a protein/DNA in the THz regime will be ~3 to 4 orders of magnitude 

reduced from the absorbance spectrum (theory developed in Xu et al., 2003; 2004).  

Water, however, is achiral and thus does not exhibit CD features.  Thus, under the 

auspices of this grant we built and characterized several circular dichroism spectrometer 

architectures.  In particular we discovered that our initial architecture, which generated 

circular dichroism using quartz crystal 1/4 wave plates, suffered from severe etalon 

effects producing enormous, artifactual circular dichroism.  Realizing this we set out to 

build, debug and characterize an interferometric-based CD spectrometer.  Through 

careful adjustment of the length of the interferometer arms we are able to accurately null 

the spectrometer to produce background CD of less than 1 part in 6000.  Unfortunately no 

CD was apparent in test biological samples at that level of signal to noise. We have since 

improved the s/n and are currently measuring the TCD spectra of several representative 

biomolecules.   
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Absorption spectra of liquid water and aqueous buffers between 0.3 - 3.72 terahertz 

Jing Xu,a) Kevin W. Plaxco,b) and S. James Allena) 

a) Department of Physics, University of California, Santa Barbara, CA 93106 

b) Department of Chemistry and Biochemistry, University of California, Santa 

Barbara, CA 93106 
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Abstract:  We have developed a terahertz absorption spectrometer 

suitable for strongly absorbing liquids such as water, and have precisely 

measured the absorption spectrum of water between 0.3 – 3.72 THz (10 – 

124 cm-1).  We have also examined the absorption spectra of aqueous 

potassium phosphate buffers at pH 3 and 8, and find that they do not differ 

significantly from pure distilled deionized water. 

Keywords:  far infrared, free electron laser, sub-milimeter wave, terahertz, water. 

PACS number: 33.20.-t, 33.20.Ea, 61.25.-f, 61.25.Em, 82 



I. INTRODUCTION 

Water exhibits strong frequency dependent terahertz absorption with attenuation 

lengths on the order of tens of micrometers.  To access this spectral information, previous 

experimental investigations have employed femtosecond time domain transmission1 and 

reflection2 spectroscopy, reflection dispersive Fourier transform spectroscopy3,4, optically 

pumped far infrared (FIR) laser transmission spectroscopy5-7, and FIR grating 

transmission measurements8.  Below ~ 1.5 THz, they provide a well documented 

absorption spectrum for liquid water, at approximately room temperature.  At higher 

frequencies the published data4-8 is comparatively sparse, and the agreement is less 

satisfying.  In particular there are wide discrepancies among the transmission 

measurements with optically pumped FIR lasers5-7.  Analysis by Vij et al.5 suggests that 

multiple reflections between the sample cell windows (standing wave or etalon effect9) 

can contribute significantly to uncertainties in measured terahertz absorption coefficients. 

Here we have eliminated the standing wave artifact and measured the terahertz 

absorption of distilled deionized water over the frequency range of 0.3 – 3.72 THz (10 – 

124 cm-1) with improved accuracy.  We have also measured the terahertz absorption 

spectra of aqueous potassium phosphate buffers at pH 3 and 8. 

II. METHODS AND MATERIALS 

A.  Methods 

We have developed a terahertz absorption spectrometer suitable for studying 

strongly absorbing liquids such as water.  Our spectrometer combines kilowatt-power 

terahertz radiation from the UCSB free-electron lasers with an ultra-sensitive cryogenic 

detector, and is able to withstand attenuation of more than five orders of magnitude.  A 



reference pyroelectric detector is employed to monitor the fluctuations in incident laser 

power.  A precision variable path length cell1,10 , accurate to ~ 0.5 μm, allows for 

reproducible control of the sample thickness.  The cell windows are made of high density 

polyethylene, which is highly transparent and has an index of refraction that closely 

matches that of liquid water over the frequency range of interest11. 

We precisely determined the absorption coefficients of water using linear fits of 

the change in absorbance, ΔA, with changing path length, Δl, 

[ ]t

reference

IA ln l
I

α
⎛ ⎞

Δ = Δ − = ⋅Δ⎜ ⎟⎜ ⎟
⎝ ⎠
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where It is the transmitted intensity, and Ireference removes fluctuations in the incident 

radiation.  We carefully choose the smallest path length at each frequency to ensure at 

least three orders of magnitude of attenuation.  This, together with the closely matched 

indexes of refraction of cell window and liquid water, eliminate any standing wave 

artifact that has apparently contributed to uncertainties in some of the previous 

measurements5-7.  This approach also obviates the need to precisely characterize the 

optical properties of the cell window, and the need for precise determination of the 

absolute path lengths. 

B.  Materials 

Water samples were prepared at 22oC using distilled deionized water, and distilled 

deionized water buffered at pH 3 and 8 with 50 mM potassium phosphate. 

III. RESULTS AND DISCUSSION 

We measured the change in the terahertz absorbance of water with changing path 

length (Fig. 1).  At each wavelength, we examined nine distinct path lengths, with 



increments ranging between 2 - 20 μm depending on the attenuation strength of the 

sample, and repeated the absorbance measurements approximately eight times to estimate 

confidence limits. 

The approach we have adopted here does not require the precise knowledge of 

either the absolute path length or the optical properties of the sample cell, both of which 

are difficult to access and can contribute to error in final absorption measurements.  

Instead we employ only two variables, ΔA and Δl, which are readily obtained with high 

precision with the detectors and translation stage we have chosen.  Standing waves 

artifacts that may have contributed to uncertainties in previous investigations5-7 are not 

observed in our measurements, allowing us to precisely determine the absorption 

coefficients from least squares fits of the change in absorbance observed with changing in 

path length (Fig. 1). 

We have precisely measured the absorption spectra of distilled deionized water, as 

well as aqueous phosphate buffers at pH 3 and 8, over the frequency range of 0.3 - 3.72 

THz.  We do not observe any statistically significant differences in the absorption of 

deionized water and the two aqueous buffers (Fig. 2).  This is, for us, somewhat 

surprising as we have expected the terahertz absorption of water to depend sensitively on 

its ionic content.  Nevertheless, our finding may prove to be a useful reference for solvent 

subtraction in future absorption study of buffered biomolecules in aqueous solutions. 

Below ~ 1.5 THz our absorption data is in excellent agreement with the published 

data1-8.  Above this frequency, however, we observe statistically significant discrepancies 

between our observations and those previously reported using optically pumped FIR laser 

transmission spectroscopy5-7, and FIR grating measurements8 (Fig. 3).  The discrepancies 



among the previous transmission measurements have been suggested to arise from the 

formation of standing waves between the sample cell windows5.  We have eliminated this 

potentially important artifact by maintaining a minimum path length that strongly 

attenuates the incident terahertz radiation ( > 1000 times), and by closely matching the 

index of refraction of our cell windows with that of water.  Thus, in addition to including 

several previously unexplored frequencies above 1.5 THz, our observations provide 

continuing and perhaps more accurate documentation for water absorption at higher 

terahertz frequencies up to 3.72 THz (Table I). 
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TABLE I.  The measured absorption coefficients of liquid water over 0.3 - 3.72 

THz, errors are enclosed in parenthesis. 

Frequency 

(THz) 

Absorption Coefficients 

(cm-1) 

 Frequency 

(THz) 

Absorption Coefficients 

(cm-1) 

0.30 123 (2)  1.40 275 (2) 

0.45 148 (4)  1.53 294 (2) 

0.48 156 (1)  1.56 295 (1) 

0.60 167 (1)  1.83 326 (6) 

0.66 180 (1)  1.98 347 (7) 

0.90 210 (1)  2.13 367 (5) 

0.99 220 (3)  2.52 433 (7) 

1.05 237 (1)  2.84 502 (13) 

1.26 256 (2)  3.42 622 (6) 

1.29 269 (1)  3.72 739 (21) 

1.31 271 (1)    



FIG. 1.  The absorption coefficients of water are precisely determined from linear 

fits of the change in absorbance with changing path length.  We repeat the absorbance 

measurements approximately eight times to estimate our confidence level.  We need not 

consider the absolute path length, or the intrinsic optical properties of our cell window.  

Standing waves artifact is not present in our measurements, allowing for accurate 

determination of absorption coefficients. 

 

FIG. 2.  (Color in Printed Journal) The terahertz absorption of distilled deionized 

water does not differ significantly from that of aqueous phosphate buffers (50 mM) at pH 

8 and pH 3. 

 

FIG. 3.  (Color in Printed Journal) Previously published water absorption spectra 

include measurements using femtosecond time domain transmission1 (∇) and reflection2 

(⊗) spectroscopy, reflection dispersive Fourier transform spectroscopy3,4 (Ο, and ⊕ 

respectively), optically pumped FIR laser transmission spectroscopy5-7 (∆, ◊, Ө), and FIR 

grating spectroscopy8 ().  Our data is in excellent agreement with the published data 

below ~ 1.5 THz.  Above this frequency, our measurements provide continuing and 

perhaps more accurate documentation for water absorption up to 3.72 THz. 
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