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Performance of the continuous-wave imaging system

based on a terahertz gas laser
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Abstract ; Continuous-wave terahertz imaging was demonstrated based on an optically-pumped far-infrared gas laser and a
Golay cell detector. The imaging system design and construction are discussed in the context of the choice and configuration
of the involved terahertz optical components and devices. Performance characteristics of the system, including signal-to-
noise ratio, spatial resolution, detector response and imaging speed were measured and analyzed in detail. With this sys-
tem, terahertz transmission images of various samples were obtained, confirming the quality of our setup and supporting the
feasibility of terahertz imaging technique for applications in security screening and quality control. A data processing method
for automatic calibration of the image intensities in the background region was also proposed to remove the influence of laser
power drift on the image quality.
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Introduction

Terahertz radiation, lying between the millimeter
waves and infrared (0.1 ~10THz) , has good penetra-
bility to most nonmetallic and non-polar materials. This

ability makes terahertz radiation an effective and com-
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plementary imaging source for revealing the structure
information of the object. Since the first demonstration
of pulsed terahertz imaging system by Hu and Nuss''',
many investigations have been conducted to explore the
applications of terahertz imaging in various fields, such

[2]

as biomedical diagnostics'> | security screening'®!,
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and quality control . The imaging modalities can be
divided into two categories: pulsed (or time-domain)
imaging and continuous-wave (CW) imaging.

Pulsed terahertz system is able to provide rich in-
formation about the object both in the time and fre-
quency domain. However, the pump-probe measure-
ment configuration produces a large increase in system
(2D)
pulsed imaging could be achieved by a large-area

(em®) electro-optic crystal sensor'® | but the energy

complexity>’.  Real-time two-dimensional

density decrease of the expanded beam will reduce the
signal-to-noise ratio (SNR). On the other hand, tera-
hertz radiation undergoes strong atmospheric attenua-
tion at certain frequencies ( >10dB/m around the wa-
ter vapor absorption lines'”") for standoff detection ap-
plications. In this situation, narrow-band (or CW)
terahertz generators are more suitable. Recently, many
kinds of CW systems based on different sources have

d771°) " Compared to pulsed system, the

been reporte
CW system generally exhibits advantages of high aver-
age power, simple alignment, compactness and rela-
tively low cost.

To perform theoretical and applied research on
terahertz imaging technique, we have built up an ex-
perimental system consisting of a CW source and a di-
rect detector. In this paper we present a detailed de-
scription of our imaging setup from the viewpoints of
design, construction, characterization and operation.

Some preliminary experimental results are included to

demonstrate the system performance.
1 Imaging setup

Taking into account the factors of output power,
beam quality and operation temperature, an optically-
pumped FIR laser (OPFIRL) is employed for terahertz
generation. For detection a Golay cell is appropriate
due to its relatively high sensitivity and room tempera-
ture operation.

Fig. 1 (a) illustrates the optical layout of our
imaging system. The OPFIRL ( FIRL 100, Edinburgh
Instruments Ltd. , UK) generates monochromatic FIR
radiation emitted from gaseous organic molecules that
are pumped by a grating-tuned CO, laser. Table I lists
the FIR data of five prominent pump lines with metha-

nol (CH,OH) as the lasant, where the most powerful
one, i.e., the 9P36 line, was utilized.

Two gold-coated mirrors M1 and M2 were used to
guide terahertz waves to the sample region. For an air
environment with a relative humidity of 40% , the at-
mospheric absorption coefficient is 0. 16 m ™" at 2. 52
THz'"'. Thus the power loss is 1.26 dB (attenuated
to about 75% ) after a propagation distance of 1.8 m.
This value would serve as a reference for setting the
source-to-detector distance in system design. We chose
high-density polyethylene (HDPE) lenses to focus and
collimate the terahertz beam since HDPE is highly
transparent at this frequency range ( absorption coeffi-
cient a =0.75 cm ' at 2.52 THz'""). All lenses have
a clear aperture of 50 mm. The focal lengths of L1,
L2, and L3 are 60, 60, and 120 mm, respectively.

Detection was achieved with a Golay cell. It can
operate with a typical noise equivalent power ( NEP) of
about 10 nW/Hz"?
10 kV/W at 12.5 Hz modulation. To avoid detector sat-

uration, an attenuator set with four transmission levels

and a responsivity exceeding

was inserted at the FIR beam exit. In addition, an
optical chopper was introduced to create a modulated
radiation input for the Golay cell. The data collection
and processing system consisted of a lock-in amplifier
(LIA) and a control computer. The sample was mount-
ed on a pair of mechanical translation stages and the im-
age was acquired by moving the stages point by point.

The photograph of our experimental setup is shown in

Fig. 1(b).
2 System performance analysis

2.1 Signal-to-noise ratio

Sources of noise in our system mainly come from
two aspects: thermal background radiation and FIR la-
ser power fluctuation. The background noise level cor-
responds to the variation of the amplitude of the detec-
tor’ s output signal in the absence of terahertz beam il-
lumination. This level was observed to be approximate-
ly U, =5 mV. The maximum signal magnitude of Golay
cell is Us =3 V, thus, the SNR is equal to Uy/U, =
600 when considering only the thermal background. In
order to analyze the laser fluctuation, the radiation in-

tensity was measured as a function of operating time.
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Fig.1 (a)Schematic diagram of the continuous-wave terahertz
imaging setup. A, attenuator; C, chopper; M1, M2, mirrors;
L1-L3, lenses (b)Photograph of the imaging setup
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The data was recorded every 10 sec over a total time of
20min.

where the fast oscillations are due to the long measure-

Fig. 2 shows the power fluctuation curve,

ment interval. Linear fit of the curve implies a gradual
decrease in power level, meaning that a short measure-
ment time in the imaging experiment would be prefera-
ble. The mean value and standard deviation of the
power are P, =81.2 mW and P, =1.7 mW respective-
ly, yielding a SNR of P, /P, =47.8 (i.e., 34 dB).
This indicates that the laser fluctuation is a dominated
noise source and therefore ensuring the laser power sta-

bility acts as a key factor to improve the SNR.

Table 1 Transition parameters of CH;OH pumped by five
different CO, lines
&1 A CO, ELRETRESTHRISH

CO, line 9P34  9R8  9RI0  9P36 10R38
Wavelenth ( pum) 70.6 86.2 96.5 118.8 163
Frequency ( THz) 4.25 3.48 3.11 2.52 1.84
Typical power level(mW) 20 10 90 150 36

2.2 Spatial resolution
The spatial resolution of the imaging system is de-

termined by the FIR beam spot size at the sample
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Fig.2  Stability test for the laser output power
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plane. We used the knife-edge method to evaluate it.
A metallic blade was placed at the beam focus and
scanned along the x and y directions perpendicular to
the orientation of its edge, with a step size of 0. 05
mm. The solid lines in Fig. 3 represent the transmis-
sion intensity of terahertz radiation versus the knife
edge position. Assuming Gaussian transverse intensity
profile for the FIR beam, the transmission signal can
be expressed as

1

2[1 +;;f

x/w

I(x) = . exp( = ") dt , (1)

where [ is the full beam intensity, x is the knife edge
position ( offset from the beam center) , and w is the
half-width at 1/e of the distribution. We calculated the
derivative of the measured /(x) and then fit it to a
Gaussian function. The results are also shown in Fig.
3. The spot sizes (w) in x and y directions were ob-
tained to be 0. 73 and 0. 56 mm, respectively, which
reflects that the measured focal spot has a somewhat el-
liptical shape, possibly owing to the error in scanning
direction. According to these parameters, we conclude
that the spatial resolution ( equivalent to diameter at
half-height,2 /In2w) of our system is approximately
1 mm.

If we suppose the beam waist is w =0.6 mm, the
depth of focus ( DOF, defined as twice the Rayleigh
range of the focused beam) is readily computed to be
19 mm. This parameter determines the tolerant thick-
ness and axial position of the imaged sample. There is
a tradeoff between the spatial resolution and the DOF.
A focusing system with a smaller focal spot size leads to
a higher resolution but a shorter DOF.

2.3 Detector response

In order to test the linearity of the detector
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response, we measured the detector output signal for
different incident power. Modulation of the terahertz
radiation power level was made by an attenuator. By
choosing three transmission levels of the attenuator
(3% , 10% , and 30% ) , together with the full trans-
mission case, four different incident intensities could
be obtained. The output waveforms of the Golay cell
were recorded, as shown in Fig. 4 (a). Fig. 4(b)
shows the relation between the average signal intensity
and the transmission level. A linear fit to the data
points gives a correlation coefficient of 0. 99997 and a
small intercept, which verifies that the Golay cell
detector has a good linear response.
2.4 Imaging speed

The imaging speed depends on the time needed for
measuring one pixel and the scanning speed of the
translation stage. Although Golay cell is a sensitive de-
tector, it has a long response time ( several tens of
ms) , limiting the chopper frequency and the LIA time
constant. Our experiments were performed at a time
constant of 300 ms; thus one second dwell time is gen-
erally required for each pixel. A smaller time constant

allows a rapider data acquisition, whereas the SNR will
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Fig.3 FIR beam spot size measurement at the sample plane.
Panels (a) and (b) are for x and y directions, respectively
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degrade. The translation stage has a maximal motion
speed of 20 mm/s, and imaging rate of 40 pixels/s
would be expected at 0. 5-mm step size without ac-
counting for the detector response. Consequently, the
imaging speed of our system is limited by the measure-

ment time for each pixel.
3 Imaging examples

In what follows we present several preliminary ex-
perimental results to assess the imaging capability of
our system as well as illustrate the potential applica-
tions of terahertz imaging.

The first sample is a razor blade concealed in a
regular paper envelope, as shown in Fig.5(a). It was
scanned with a 0. 5-mm step size over the area indica-
ted by the dashed square (27 x27 mm”). The LIA
was referenced to a chopper frequency of 25 Hz and the
integration time was set to be 300 ms. Under these
conditions, the image acquisition time was about 70
min. Fig.5(b) shows the resulting image mapped by
terahertz transmission intensity. We can see that the
blade is clearly resolved. However, variation in back-

ground intensity along the vertical direction reflects a
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Fig.4  (a) Output signal of the detector with different input
power (b)Signal intensity as a function of the attenuator ratio
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fact that the terahertz signal decreases gradually, which
arises from FIR laser power drift (see Fig. 2). To
solve this problem, we introduce a calibration method.
Following the discussion in Section 2. 1, the terahertz
signal decrease can be approximated to have a linear
relation with the measurement time, i.e., I(t) = At +
I1(0). A and 1(0) are determined by linear fitting of
the pixel values in the background region. Thus, for
any pixel measured at a known time, we have a refer-
ence intensity. Dividing the raw image by these refer-

ence values yields a calibrated image, i.e. ,

. 1, (i,])
1,(1,)) = a(ig) +100) (2)

where (i,j) denotes the pixel index. Fig.5(c) dis-
plays the image after calibration. It is obvious that the
background region becomes more uniform, verifying
the effectiveness of our calibration method. This ima-
ging example demonstrates that terahertz radiation is
capable to see through some visually opaque materials
and detect concealed objects. Hence, terahertz imaging
reveals a potential application in security screening.
The feasibility of CW terahertz imaging applied for
nondestructive quality control was evaluated through
another two examples. One is a paper envelope inside
of which the letters “THU” are written with a pencil ,

as shown in Fig. 6 (a). The scanning area and step

Fig. 5
Photograph of the sample (b) Raw image ( ¢) Processed image

Imaging results of a blade wrapped in an envelope (a)

with background calibration
K5 fSEHEGEITA B BIREE R (a) BEA IR (b) J56
K& (o) 2l K 5

size are 34 x 15 mm’ and 0. 5 mm, respectively. Fig. 6
(b) shows the corresponding terahertz image with
background calibration. Due to the appropriate pene-
tration capability of terahertz radiation, these letters are
visualized with good contrast. This experiment illus-
trates the possible use of terahertz imaging in the field
of artwork inspection. Fig. 6 (c¢) and 6 (d) show the
other example, the plastic cover of a USB flash drive.
Although plastic is nearly transparent to terahertz
waves, all the edge features on the sample are high-
lighted because of the existence of scattering or diffrac-
tion effect. Such properties enable nondestructive
material testing using this imaging technique. The
fringe patterns in the lower part of Fig. 6(d) are the
result of standing wave effect caused by reflections from

the system and the sample.
4 Conclusion

We have developed a CW imaging system using an
OPFIRL as the terahertz radiation source and a Golay
cell as the detector. The system noise is induced pri-
marily by the power fluctuation of the FIR laser. The
SNR was estimated to be 34 dB for 20-min monitoring
time. Experimental measurement on the beam spot size
at the sample plane showed that our system had a spa-
tial resolution of about 1 mm. Within the dynamic
range of the detector, an ideal linear response was ob-

served. Limited by the acquisition time for each pixel,

© (d)

Fig. 6

velope (a,b) and a plastic sample (c,d)
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Imaging results of pencil letters written on inside of an en-
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the imaging speed was on the order of one pixel per
second. Imaging examples of concealed metallic object
and transparent dielectric materials have demonstrated
the performance of our system and potential applica-
tions of terahertz imaging. Further improvements in
terms of SNR and imaging speed are necessary. Syn-
chronously recording the output power of the FIR laser
with another detector to offer a reference signal may
solve the problem of laser fluctuation and reduce the
noise. Continuously scanning the sample in one dimen-
sion or replace the translation stage by a galvanometer
could shorten the imaging time. These strategies will

be considered in future work.
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