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Displacement damage effects on the charge-coupled device (CCD) induced by neutrons at the back-streaming white
neutron source (Back-n) in the China Spallation Neutron Source (CSNS) are analyzed according to an online irradiation
experiment. The hot pixels, random telegraph signal (RTS), mean dark signal, dark current and dark signal non-uniformity
(DSNU) induced by Back-n are presented. The dark current is calculated according to the mean dark signal at various
integration times. The single-particle displacement damage and transient response are also observed based on the online
measurement data. The trends of hot pixels, mean dark signal, DSNU and RTS degradation are related to the integration time
and irradiation fluence. The mean dark signal, dark current and DSNU? are nearly linear with neutron irradiation fluence
when nearly all the pixels do not reach saturation. In addition, the mechanisms of the displacement damage effects on the
CCD are demonstrated by combining the experimental results and technology computer-aided design (TCAD) simulation.
Radiation-induced traps in the space charge region of the CCD will act as generation/recombination centers of electron—hole
pairs, leading to an increase in the dark signal.

Keywords: displacement damage effects, charge-coupled device (CCD), China Spallation Neutron Source

(CSNS), mechanisms, technology computer-aided design (TCAD)
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1. Introduction

The China Spallation Neutron Source (CSNS) is a
scientific facility that can provide a wide energy band
of pulsed neutrons.!'=3 The back-streaming white neutron
source (Back-n) has been exploited as a white neutron beam-
line which has a wide neutron energy spectrum from eV to
hundreds of MeV. It can be used for nuclear data measure-
ment, neutron resonance radiography and analysis of radiation
damage.[*7]

Charge-coupled devices (CCDs) are widely used in many
space environments, such as star tracking, space remote sens-
ing and space object detection. However, when used in these
applications they can be seriously damaged by particles or
rays, leading to degradation of image quality or even func-
tional failure.[®°! Displacement damage is one of the most im-
portant radiation damage effects to a CCD and can be pro-
duced by protons, electrons and heavy ions in space radiation
environments. Reactor neutrons are often used to analyze dis-

U0l However, there are also some

placement damage effects.
inconveniences when irradiation experiments are carried out
at a neutron reactor. For example, it is difficult to change the

beam spot, it takes several days for the neutron activation ef-
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fects to die down before the irradiated devices can be mea-
sured and online radiation effects measurement is complex.
The Back-n in the CSNS may solve these problems. Although
many studies have already been dedicated to the effects of ir-
radiation on CCDs,[!1?] nearly all the experiments were car-
ried out offline. The process of generating the displacement
damage induced by neutrons needs to be investigated by on-
line experiments. The displacement damage mechanism and
sensitive volume of the CCD should also be investigated.

This work aims to investigate displacement damage ef-
fects on a CCD induced by neutrons at Back-n in the CSNS
by an online irradiation experiment. The radiation-sensitive
parameters, such as hot pixels, the random telegraph signal
(RTS), the mean dark signal and dark signal non-uniformity
(DSNU) are measured before and after neutron irradiation.
The single-particle displacement damage and transient re-
sponse are also observed based on the online measurement
data. The RTS of the different pixels irradiated by neutrons
is investigated. The dark current is calculated according to
the mean dark signal at various integration times. The DSNU
versus integration time at different irradiation fluences is pre-
sented. To analyze the mechanisms of the effects of neu-
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tron displacement damage on the CCD, technology computer-
aided design (TCAD) simulations are performed. This work
will provide the basis for theories and experimental techniques
for radiation hardening and radiation damage evaluation stud-
ies of CCDs. It also provides information for theories and
databases to compare the displacement damage effects pro-
duced by the reactor neutrons and Back-n.

This paper starts by presenting the main features of the
tested device and irradiation conditions. Then, the degrada-
tion trends of the hot pixels, dark signal, DSNU and RTS after
neutron irradiation are presented. Furthermore, TCAD sim-
ulations are performed to analyze the mechanism of neutron
displacement damage effects on the CCD.

2. Experimental details

The CCD is irradiated by Back-n in the CSNS. The CCD
image array consists of 648x488 pixels and the pixel size is
7.4 umx7.4 um. The parameters are measured by a CCD
camera. The neutron flux at the exposure position is about

2

1.4x10° neutrons-cm~2-s~!. The neutron energy ranges from

eV to ~ 200 MeV. The accuracy of the fluence and the neutron

beam homogeneity is within £10%. A schematic diagram of
the experiment is presented in Fig. 1. Neutrons incident verti-
cally upon the surface of the CCD array are presented in Fig. 2.
Air conditioners were used to control the temperature in the
laboratory (about 25 °C). The CCD camera was fixed on the
worktable. Vertical movement of the worktable can lead to the
CCD being irradiated or not irradiated by neutrons. The cam-
era and worktable were controlled by a computer outside the
laboratory through network lines. A temperature sensor was
inserted into the CCD, and the temperature could be obtained
from the camera control system under neutron irradiation. The
temperature of the CCD during the irradiation is stated and
there was no significant beam-induced heating of the CCD
owing to the lower neutron flux. The experimental conditions
are presented in Table 1. Radiation-sensitive parameters of
the CCD were measured pre- and post-irradiation according
to the European Machine Vision Association (EMVA) 1288
standard!'3! to reduce test errors. Output signals of the CCD
were also calculated during irradiation by capturing 16-bit raw
images. The mean dark signal, DSNU, is obtained by calcu-
lating 10 frames of images at the same integration time.
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Fig. 1. Schematic diagram of the irradiation experiment.

Fig. 2. Schematic diagram of neutrons incident vertically upon the surface of
the CCD array. Arrows with different color depths represent neutrons with
different energies. Three pixels with different bright colors represent pixels
that are damaged to different degrees after neutron irradiation.

3. Results and discussion

3.1. Hot pixels

The hot pixel represents the pixel of the image sensor,
which has a larger leakage current. The position of the hot
pixel is persistent and occurs at fixed positions on the output

signal of the CCD. The proportion of hot pixels will have a
great effect on the image quality of the imaging system, es-
pecially when used in a low-light environment with a long
integration time. The leakage current will simply lighten up
the pixel even with no light for a longer integration time. The
large leakage current of the pixel is mainly induced by bulk de-
fects in the sensitive volume of the CCD. Bulk defects can be

14,15

induced in chip-making processes!!*!3! or by particles in the

t.[16:171 Only a few pixels are regarded as

radiation environmen
hot pixels before irradiation. After neutron irradiation, many
bulk defects are produced in the sensitive volume of pixels,
which will increase the leakage current and allow a normal
pixel to become a hot pixel. Therefore, hot pixels are part of
the CCD even if the device is not irradiated.

As stated in the EMVA 1288 standard, 3! it is not pos-

sible to find a common denominator to exactly define when a
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pixel is defective and when it is not. It is hard to find equally
precise and quantitative definitions of hot pixels. Normally, a
hot pixel is regarded as a pixel with a dark current two to four
times greater than that of a normal pixel. In this paper, a pixel
that has a dark current higher than twice the mean dark current
of the normal pixel is considered to be a hot pixel.

Figure 3 shows normalized hot pixel counts of the CCD
versus neutron irradiation fluence. From Fig. 3, normalized
hot pixel counts of the CCD increase with increasing neutron
irradiation fluence. Figure 4 provides a three-dimensional sur-
face plot of the experimental images (a) before radiation, (b)
for a neutron radiation fluence of 1x10'% neutron-cm—2, (c)

2 and

(d) for a neutron radiation fluence of 3x10'% neutrons-cm™2.

for a neutron radiation fluence of 2x10'% neutrons-cm™

From Fig. 4, we can see that many dark signal spikes appear
in the images. Figure 5 shows the output signal of four pix-
els of the CCD versus irradiation time. The output signal is
measured when the CCD is under neutron irradiation. From
Fig. 5, we can see that pixel3 [223,3] is damaged when the
accumulated neutron fluence is about 5x10° neutrons-cm™2.
However, when it is irradiated again at nearly 1700 s a little
displacement damage appears. As for pixel2 [27,4] and pixel4
[131,3], a little displacement damage appears after an accu-
mulated neutron fluence of about 5x 10° neutrons-cm~2 even
though they are irradiated again at nearly 1700 s. As for pixell

[26,1], a little displacement damage appears after the accu-

(a) I (b) H

Fig. 4. Three-dimensional surface plot of experimental images: (a) before irradiation, (b) neutron radiation fluence 1x 10'° neutron-cm—2,

mulated neutron fluence reaches about 5x 10° neutrons-cm 2.

However, when it is irradiated again at nearly 1700 s the pixel
is twice damaged by the neutrons and reaches the saturation
state. We can also see that the output signal induced by the
displacement damage displays the trend of a sudden, yet per-
manent, jump increase in the dark signal, mainly due to a sin-
gle neutron collision event. The displacement damage effect
on pixell [26,1] can also be called single-particle displace-
ment damage. The RTS is observed in pixell [26,1]. Tran-
sient response signals, which are not permanent displacement
damage, induced by ionization can also be observed in Fig. 5.

60

501

404

301

201

Normalized hot pixel counts (%)

T T T T T T
0 0.5 1.0 1.5 2.0 2.5 3.0
Neutron irradiation fluence (100 p/cm?)

Fig. 3. Normalized hot pixel counts versus neutron irradiation fluence.

Unit (DN)
m 65535

2

(c) neutron radiation fluence 2x 10'° neutrons-cm~2, (d) neutron radiation fluence 3% 10'° neutrons-cm2.
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Fig. 5. Output signal versus irradiation time. The red circles represent the
transient signal, and the insert shows an enlarged image of the output signal
of pixel 1. The numbers in [ ] represent the column and row number of the
pixel.

When a neutron passes through the CCD two kinds of
defects may be produced. One is a point defect, the other is
a cluster defect. The defect type mainly depends on the en-
ergy of the second particle produced by neutrons interacting
with the CCD. When the energy is high enough, cascade col-
lisions will occur and clusters are produced. Otherwise, only
point defects will be produced. Both point defects and clusters
can become centers for the generation/recombination (G/R)
of electron—hole pairs, carrier trapping and compensation of
donors or acceptors, leading to an increase in the dark signal.

3.2. RTS

The RTS is a phenomenon whereby the dark signal
switches randomly between two or more discrete states. The
RTS in a sensor represents the fluctuation with time of the
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dark signal in the pixels. This phenomenon can be ob-
served as pixel blinking in a series of dark images. The
RTS will have a great effect on dark current calibration strate-
gies and noise performance.!!'®! A typical RTS in a CCD in-
duced by neutron irradiation is shown in Fig. 6. The inte-
gration time is about 100 ms, and the irradiation fluence is
about 3.07x 10'? neutrons-cm~2. From Fig. 6 we can see that
the RTS is very low when pixels are not irradiated by neu-
trons. However, after being irradiated by neutrons, a pixel
that is hardly damaged by neutrons will produce the RTS phe-
nomenon. The dark signal fluctuates dynamically with time.
Some regularity can be found in Fig. 6. For example, the
dark signal of pixel9 [25,189] appears at three dark signal lev-
els, and is called a three-level RTS signal. The dark signal
of pixel7 [62,7] appears at more than three dark signal lev-
els, and is called multi-level RTS. The RTS is known to have
two primary causes: the mobility of carriers is changed when
charge carriers are trapped or emitted by traps in the gate ox-
ide, and the number of carriers is changed when charge carri-
ers are trapped or emitted by metastable Shockley—Read—Hall
(SRH) G/R centers. After neutron irradiation, there are many
bulk defects produced in the space charge region of the CCD
which will become SRH G/R centers and produce the RTS
phenomenon. Either two-level or multi-level RTS can be pro-
duced by a single event collision. Irradiation-induced clusters
or complexes may be responsible for the two-level or multi-
level RTS, and further work will be needed to confirm this

hypothesis. "]
pixeld [25,189]
6
~ 5
Z
A Pixel8 [188,189]
L 4
= Pixel7 [ 92,103]
£ 3
.00
wn
é 21 Pixel6 [62,7]
[m)
14 Pixel5 [68,6]
Pre-irradiation
0 T T T T T
0 100 200 300 400 500

Times (s)

Fig. 6. Typical RTS in the CCD pre- and post-neutron irradiation.

3.3. Mean dark signal

The mean dark signal is one of the most important
radiation-sensitive parameters of the CCD. It can be used to
evaluate the degree of degradation of the CCD after neutron
irradiation. It represents the mean output signal of the pixel
array in the dark environment without the injection of other
signals. After neutron irradiation, many bulk defects are gen-

erated in the sensitive volume of the CCD, which will lead to
an increase in dark signal or dark current.

According to the EMVA 1288 standard, the dark signal is
given as follows: %!

Hd = Hd.0 + Hiherm = Hd.0 + K1 ylexp; (D

where (14 is the dark signal at a given integration time (fexp),
Ua.o is the dark signal for zero integration time, Ly y is the dark
current and feyp is the integration time. The mean dark signal
over all M x N pixels is given as follows:

1 M—-1N—-1
Mi=— g [m] [n)], 2)
i< 31 X Xl

where m and n are the row and column indices of the ar-
ray. The mean dark signal versus integration time pre- and
post-neutron irradiation is presented in Fig. 8. From Fig. 8§,
we can see that the mean dark signal increases with increas-
ing integration time at the same irradiation fluence; the mean
dark signal also increases with increasing irradiation fluence
at the same integration time. From Fig. 8, we can also see
that the mean dark signal appears to be approximately propor-
tional to irradiation fluence when the integration time is lower
at the same irradiation fluence. However, when the integra-
tion time is higher, many damaged pixels reach saturation and
the dark signal becomes constant with increasing integration
time. Therefore, growth of the dark signal will decrease with
increasing integration time. If the irradiation fluence and inte-
gration time are big enough, all the pixels will reach saturation
and the mean dark signal will become constant with increasing
integration time.

20

—&— Pre-irradiation  —@— 2.05X10'% n/cm?

=

| —®—0.50x10'" n/cm? —4—2.57x10'° n/cm?
—A—1.03x10'° n/cm?® —p—3.07X10'0 n/cm?
—w— 1.53X10'° n/cm?

181

16

Mean dark signal (10° DN)
S e e o

141

12 4 5 100 150 200 250

Integration time (ms
104
8 -
6 -

Mean dark signal (10 DN)

4—

2 - .

0

T T T T
2000 3000 4000 5000

Integration time (ms)

T
0 1000

Fig. 7. Mean dark signal versus integration time pre- and post-neutron
irradiation.

The dark current L garx can be calculated according to the
relationship between the mean dark signal and integration time
in Fig. 7. The dark current is equal to the slope of the straight
line as shown in Fig. 7. The unit of the dark current is given
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in DN-s~! or electrons-s~! (DN is the unit of the gray value of
the out of image data). The dark current versus neutron irradi-
ation fluence is shown in Fig. 8. From Fig. 8, we can see that
the dark current appears to be approximately proportional to
the irradiation fluence and the goodness-of-linear fit of exper-
iments is about R* = 0.988, which agrees with the universal
damage factor (UDF) model introduced by Srour. "]

»  Experiment

161 Linear fit of experiment
(R?*=0.988)
12 y=1654+5.59x10""z ,

Dark current (103 DN/s)

0 05 1.0 1.5 20 25 30

Neutron irradiation fluence (10 n/cm?)

Fig. 8. Dark current versus neutron irradiation fluence.

3.4. DSNU

Neutron irradiation affects not only the mean dark signal
but also the DSNU. The DSNU represents the non-uniformity
of a dark image, which originates from the different output
charge signals from one pixel to another in image sensors. The

DSNU is given as follows:
| M=IN-1 2
DSNU = —— — ) -
SNU= v L X (bl —Fg) )

The number of pixels that are damaged by incident neutrons
exerts a great influence on the DSNU of image sensors. DSNU
versus integration time pre- and post-neutron irradiation is
shown in Fig. 9. From Fig. 9 we can see that the DSNU
increases as the integration time increases at the same irra-
diation fluence. The DSNU also increases as the irradiation
fluence increases at the same integration time. The hot pix-
els will have a great effect on the DSNU of the CCD. Af-
ter neutron irradiation, many hot pixels are produced, mak-
ing the DSNU increase dynamically. Moreover, DSNU? is
linear with neutron irradiation fluence when the irradiation
fluence ranges from 0 to 2.57x10'° neutrons-cm™2 at 100—
460 ms, as shown in Fig. 10. From Figs. 4 and 9 we can see
that the DSNU of the CCD is lower that that of the irradi-
ated ones. Therefore, the ADSNU value is nearly the same
as the DSNU. As has been described in our previous research
work on the effects of neutron irradiation on the ADSNU of
CMOS image sensors, ADSNU? is linear with neutron irra-
diation fluence.!'’! The mechanism of the irradiation-induced
increase in DSNU of the CCD is similar to that of a CMOS

image sensor. Therefore, DSNU? is linear with neutron irra-
diation fluence, and the goodness-of-linear fit R? is better than
0.989. However, DSNU? will not be linear with neutron irradi-
ation fluence when the irradiation fluence and integration time
are sufficiently high, which will lead to many pixels reaching
saturation.

—m— Pre-irradiation  —— 2.05X10'° n/cm?
204 ——0.50X10 n/cm? —<4— 2.57Xx10'° n/cm?
—A—1.03x10'% n/cm? —p— 3.07x10'° n/cm?
—v— 1.53x10'° n/cm?

151

104

DSNU (103 DN)

= = — =

T T T T
2000 3000 4000 5000

Integration time (ms)

T
0 1000

Fig. 9. DSNU versus integration time pre- and post-neutron irradiation.

® Pre-irradiation; R2=0.989
1.2 4 ©0.50x10 n/em? R?=0.999
’ A 1.03X10'° n/cm?; R?=0.998
v 1.53X10'° n/cm?; R?=0.998
2.05X10'° n/cm? R?=0.996
2.57x101% n/cm? R?=0.993

e
©

DSNU? (108 DN?2)
o
(o]

0. ///
100 200 300 400
Integration time (ms)

Fig. 10. DSNU? versus integration time pre- and post-neutron irradiation.

4. TCAD simulation and discussion

In order to analyze the mechanisms of the effects of neu-
tron displacement damage on the CCD, TCAD simulations
were performed. Figure 11(a) shows the TCAD model of the
CCD structure and the net doping. Figure 11(b) shows the
potential distribution in the CCD under the normal base condi-
tion. The CCD device consists of a storage node, transfer node
and drain node. There is an n-type active region at the surface
above a p-type substrate. The drain node is used to deplete the
electrons in the space charge region under the storage gate and
transfer gate. In order to analyze the displacement damage in-
duced by the neutrons, radiation damage effects are modelled
by means of multi-level defect energy models and deep-level
traps in n-type and p-type silicon are added to the structure of
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the CCD according to trap information in Ref. [21]. The model
is based on generalized SRH recombination statistics that are
applied to the case of radiation-induced trap levels. The SRH
recombination term is modified as follows:

l m
R=Y Ro,+ Y Ra, )
oa=1 B=1

where R is the SRH recombination rate, Rp and Rp are the
acceptor defect and donor defect recombination rates, [ is the
number of donor-like defects and m is the number of acceptor-
like defects.

Storage gate SiO, Transfer gate Drain node

(a)o, l \ \ é

Net doping (cm~—3)
& 10%! (n-type)

5 ) 1010 (n-type)
=, 10° (junction)
) % 10 (p-type)
i RS == 1021 (p-type)
g 1 5 3 4 5 6 7 8 9
x (pm)

SiO; Storage gate Transfer gate Drain node

=
- o
u
{ o]
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=X
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— : ' 12
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g ; : 8
= i - BB
> 34\ ' 1
Region B i RegionD . = O
{1 =_4
4 — ' i
s e
5 L W = _10
4

5 6 7 8 9

@ (pm)

Fig. 11. (a) TCAD models of the CCD structure and the net doping.
(b) The potential distribution in the CCD (region A represents the space
charge region under the storage gate, region B represents the substrate
region under the storage gate, region C represents the region under the
transfer gate and region D represents the substrate region under the
transfer gate).

The output signal of the CCD is related to the concen-
tration of electrons in the space charge region, and detailed
information can be found in EMVA1288.[13] The relationship
between the dark signal (11q) and the number of electrons ({4.¢)
can be written as

Ha = Kllge, o)

where K is the overall system gain. To analyze the effect of
irradiation on the typical parameters of a CCD, as we have de-
scribed in Section 3, the average of the electron concentration
in the space charge region is calculated under the different ir-
radiation fluences. The average electron concentration in the
space charge region of the CCD under the different irradiation
fluences is shown in Fig. 12 and the distribution of electron
concentration under the different irradiation fluences is shown
in Fig. 13. From Fig. 12 one can see that, according to the

data fitting to the experimental findings, the linearity is up to
0.9995, which indicates a linear relationship between electron
concentration in the space charge region and the irradiation
fluence. These results also agree with our experimental results
described in Section 3.
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Fig. 12. The average electron concentration in the space charge region
of the CCD under different irradiation fluences.

To analyze the sensitive region of the displacement dam-
age, traps are added in four regions in turn, as shown in
Fig. 11(b). Region A represents the space charge region under
the storage gate. Region B represents the substrate region un-
der the storage gate. Region C represents the region under the
transfer gate (the region volume is the same as region B). Re-
gion D represents the substrate region under the transfer gate.
The distribution of electron concentration in the space charge
region of the CCD before irradiation, traps added in region A,
traps added in region B, traps added in region C, traps added
in region D and traps added in all four regions are plotted in
Fig. 14. The distribution of electron concentration is calcu-
lated when the integration time is about 10 ms. The trap den-
sity is calculated according to the data in Ref. [21] and the irra-
diation fluence is about 5x 10'* neutrons-cm™~2. It can be seen
that traps added in region A have more serious effects than
those added in other regions. In order to quantify radiation-
induced trap effects on the dark signal of the CCD, the propor-
tional increase in electrons in the space charge region induced
by traps in different regions is shown in Fig. 15. It can be seen
from the figure that nearly 80% of the increase in elections in
space charge region is induced by the traps in region A when
the irradiation fluence is no more than 5x 10'# neutrons-cm—2.
Meanwhile, nearly 16% of the increase in elections is induced
by the traps in region B and nearly 4% by the traps in region
C. There is little effect of traps in region D. The traps induced
by neutron irradiation can act as electron generation centers.
The electrons generated in region A will be collected in the
space charge region, which will lead to an increase in elec-
tron concentration. Besides, some of the electrons generated
in regions B and C, which are near to region A, will also be
collected through diffusion.
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Fig. 13. Device simulation of the distribution of electron concentration: (a) before irradiation; (b) fluence 10'! neutrons-cm~2; (c) fluence
10'2 neutrons-cm 2, (d) fluence 10'3 neutrons-cm~2, (e) fluence 10'* neutrons-cm 2 and (f) fluence 5x 10'* neutrons-cm 2.
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Fig. 14. Device simulation of the distribution of electron concentration: (a) before irradiation; (b) traps added in region A; (c) traps added in
region B; (d) traps added in region C; (e) traps added in region D; (f) traps added in all four regions.
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Fig. 15. The proportion of increased electrons in the space charge region induced by traps in different regions: (a) fluence
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Fig. 16. Device simulation of the generation rate distribution: (a) before irradiation; (b) fluence 10 neutrons-cm™2; (¢) fluence
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Figure 16 shows the generation rate distribution under the
different irradiation fluences when the traps are only added in
region A. The generation rate is calculated according to the
recombination rate. From Fig. 16 one can see that the gen-
eration rate increases with increase in the irradiation fluence.
The increase in the generation rate will increase the electron
concentration in the space charge region of the CCD, leading
to an increase in the dark signal of the CCD pixel.

5. Conclusion

This paper reports the effect of displacement damage on
a CCD induced by neutrons at Back-n in the CSNS in an on-
line irradiation experiment. The degradation mechanisms of
the hot pixel, RTS, mean dark signal and DSNU induced by
neutron irradiation are presented.

After neutron irradiation, many bulk defects are produced
in the space charge region of CCD pixels, which will increase
the leakage current and let normal pixels become hot pixels.
Owing to point defects or clusters induced by neutron irradi-
ation, two-level or multi-level RTS of hot pixels can be ob-
served. The trends of hot pixels, mean dark signal, dark cur-
rent and ADSNU? degradation are mainly linear with integra-
tion time and irradiation fluence. The mean dark signal, dark
current and DSNU? will deviate from the linear relation ob-
viously when many pixels reach saturation. According to our
TCAD simulation there is a linear relationship between elec-
tron concentration in the space charge region and irradiation
fluence when a pixel is far from saturation, which also agrees
with our experimental results. Moreover, the dark signal in-
duced by neutron irradiation is mainly caused by traps gen-
erated in the space charge region of the CCD, which will in-
crease the generation rate of electrons.

More experiments and simulations need to be carried out
to analyze the displacement damage effects on the CCD in-
duced by neutrons at Back-n in the CSNS. The difference in
the effects of radiation on CCD devices between single-energy
neutrons and white neutron irradiation should also be investi-
gated.
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