Bulgarian Academy of Sciences. Space Research Institute.
Aerospace Research in Bulgaria. 23, 2009, Sofia

NEW LEDs LIGHT MODULE DEVELOPED
UNDER THE GREENHOUSE-MARS PROJECT

Tania Ivanova’, lvan Dandolov?, lliana llieva®, Yordan Naydenov!
Margarita Levinskih?, Vladimir Sychev?

1Space Research Institute - Bulgarian Academy of Sciences
e-mail: tivanova@space.bas.bg
“State Scientific Center - Institute of Biomedical Problems
76A, Khoroshevskoe shosse, Moscow 123007, Russia

Abstract

According to the Greenhouse-Mars Contract for scientific cooperation between
the Space Research Institute, Sofia, and the Institute of Biomedical Problems, Moscow,
Bulgarian scientists developed a new Light Module on light-emitting diodes (LM-LED). A
new LM-LED was developed with monochromatic LEDs (Cree® XLamp® 7090 XR)
emitting in the red, green and blue (RGB) spectral range. DMX control unit was used to set
up a predefined Photosynthetic Photon Flux Density (PPFD) within the range of 0-400
umol.m2s™. Laboratory technical and biological tests of the LM-LED were completed
using the equipment of the SVET-2 Space Greenhouse (a prototype of the one flown
onboard the MIR Orbital Station). Two one-month experiments with lettuce and radicchio
plants were carried out with the new LM-LED (spectral composition - 70% red, 20% green
and 10% blue light) and PPFD — 400 pmol.m™?.s™ (high light) and 220 umol.m?s™ (low
light). Plant growth and some biochemical parameters were evaluated and compared to the
results from similar experiments carried out with SVET-2 SG Light Module on fluorescent
lamps (OSRAM DS 11/21). The paper includes a review of our research and development
activities under the Greenhouse—Mars Project during the past 3 years (2006-2008).

Background

The Mars-500 Experiment is under development by the Russian
State Scientific Center - Institute of Biomedical Problems (IBMP), Russian
Academy of Sciences, Moscow. During the experiment, six volunteers will
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be locked for 500 days in a mock-up of the space station modules to Mars in
an effort to mimic the stresses and challenges of a long manned mission and
how they affect the human crew. The simulation of a manned flight to Mars
is planned to start in the late 2009 or early 2010. During the 500-day study,
the life of the six men will depend on a preset limit of supplies, including
about 5 tons of food and oxygen and 3 tons of water. A doctor will
accompany the volunteers inside the module to treat illnesses or injuries.
Volunteers will only be allowed to quit the experiment if they develop a
severe ailment or psychological stress. A large greenhouse will be installed
inside, supporting the life and the health of the “crew”, providing them with
fresh food and relaxing “green view”.

A research team from the Space Research Institute (SRI), Bulgarian
Academy of Sciences, Sofia, has been participating in the Russian Program
for preparation of a human spaceflight to Mars for 25 years already. The
first small-size (0,1 m?) SVET Space Greenhouse (SG) was created in the
80’s under a Joint Scientific Project with the IMBP in the framework of the
Intercosmos Programme, aiming to study the ways and methods for the use
of higher plants in space Biological Life Support Systems (BLSS). The
subject of the project was to develop biotechnology for higher plants
growing in microgravity with the prospects to use it in the future long-term
manned mission to Mars. SVET SG was launched onboard the MIR Orbital
Station (OS) in 1990 when the first two-month vegetable plant experiments
were carried out to provide vitamin addition to the astronaut food [1].
Artificial lighting was provided by fluorescent lamps mounted in the Light
Unit (LU). A new modification, SVET-2 SG, with optimized parameters of
all units and systems (including new LU-2) was developed and launched
onboard the MIR OS in 1996, which was funded by NASA [2]. A number
of successful plant experiments and research were carried out under the
fluorescent lamps lighting of the SVET-2 SG equipment in 1996-2000. The
unique scientific results obtained in the field of Gravitational Plant Biology
proved that there were no “show-stoppers” for plant growth and
development in microgravity [3, 4].

Plants need light of definite quantity and quality. They consume
light energy mostly in two spectral bands - blue and red (around 450 and
650 nm) to carry out their fundamental biological processes, such as
photosynthesis (production of biomass and air cleaning) and phototropism
(orientation towards the light in weightlessness). The intensity of these
physiological processes with light of various wavelengths is shown in Fig. 1
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(curve 1 - phototropism and curve 2 - photosynthesis). To provide
experimentally defined light conditions of irradiance, spectral quality, and
duration is one of the major engineering requirements of any controlled
environment plant chamber [5].

The Bulgarian-made LU with lighting area of 330x330 mm can be
moved vertically in the Plant Chamber of SVET SG and adjusted at three
different levels: 20, 30 and 40 cm from the plant seedling surface in order to
provide best light intensity without overheating, depending on the plant
development stage. A fan cooling the lamps and the air in the shoot zone is
mounted on the upper bearing plate together with a panel for LU control
(manual or automatic).

Russian fluorescent lamps LB 8-6 (12 pieces) developed specifically
for the MIR OS board were used in the 1990 experiment. The spectral-
response characteristic of LU using this kind of lamps is shown by curve 3.
It is seen that almost the whole luminous energy is concentrated in the
plants’ lower sensibility area. This appreciable discrepancy between the
light source and plant needs was due to the lack of special lamps (during the
period of development) with appropriate characteristics which necessitated a
great enough stock in case of breaking a lamp. The fluorescent lamp DS
11/21 of OSRAM (6 pieces) was chosen as featuring the most appropriate
spectrum for LU-2 (curve 4) — intensive photosynthesis and providing
phototropism of the plants, which are so important in space flight conditions

[6].

Considerably (2.5 times) improved brightness characteristics of LU-
2 were obtained at a distance of 15 cm from the illuminants, the intensity
being 27,000 Ix (under 12,000 Ix in SVET SG in 1990). In these
circumstances, we could expect considerable increase of plant productivity
(biomass quantity) in the future experiments.

The larger warranted duration of work of the lamps DS 11/21 (8,000
hours) results in 5-fold increase of the equipment’s reliability. Apart from
this, the new LU-2 features appreciably better electrical characteristics,
which is of great importance because it used to be the greatest energy
consumer within SVET SG. For example, the supply current of the unit
(under 27V onboard supply voltage) is 2.5 times lower (3.5A under 9A in
SVET SG) and the starting current is almost equal to the normal one [7].

Unfortunately, the lighting systems based on white fluorescent lamps
used in plant growing facilities were developed more for human and not for
plant lighting purposes, since the well-lit green plants have very positive

87



psychological effect on the space crew. Nevertheless, such lighting systems
have found extensive use in terrestrial facilities with controlled
environment.

‘*\ Blue Green Red

LIGHT INTENSITY
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WAVE LENGTH

Fig. 1. Light wavelength necessary for plants: 1 - phototropism and 2 —
photosynthesis; Spectral characteristics of the fluorescent lamps used in 3 - SVET
SG (LB 6-8) and 4 — SVET-2 SG (DS 11/21) and of the new blue, green and red
LEDs

Regarding the use of fluorescent lamps in space-based plant
chambers there are serious limitations relating to both the power utilization
and the safety requirements of the space hardware. The mercury contained
in the lamps may be a serious safety hazard, if a lamp is broken. The LU-2
OSRAM lamps were hermetically sealed in specifically developed light
bodies that ensure maximum light characteristics. The safety requirements
are adequately addressed but the irradiance of these lighting systems is
greatly decreased and the volume required by such a system is difficult to
accommaodate in the very limited LU space.

Lighting system on light-emitting diodes

The plant will be an important component of the future BLSSs for
the long-term space mission to Mars as a source of food and air cleaning.
The lighting systems intended for long-term plant growing should be light-
weight, reliable, and durable, and light-emitting diodes (LEDs) possess all
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these characteristics. The development of LED-based LUs for space
greenhouse facilities started in USA in the 90’s in relation with the Space
Shuttle missions [8].

Major advances have been achieved in semiconductor technology
and this has led to the availability of LEDs having sufficient photon output
and electrical efficiencies making them an excellent light source for plant
growing facilities. Mounting the LED chip on a highly thermally conductive
ceramic substrate which is bonded to a metal heat sink allows the device to
operate at high normal current with high photon output, while maintaining
the temperature of the LEDs close to the ambient temperature, resulting in
prolonged life and constant photon output.

Since, in contrast to other lamps, LEDs emit photons within a
specific spectral range, they should be carefully selected, so that the levels
of the provided photosynthetically active, photomorphogenic, and
phototropic radiation meet the plant requirements. Photons in the red
spectral range are most efficient as a source of photosynthetically active
radiation (Fig. 1). Thus, LEDs having a peak emission around 650 nm
appear to be the most efficient source providing photons for the
photosynthesis, which coincides with the red absorption peak of
chlorophyll. Irradiance levels of 0-500 pmol.m™.s™ in the red spectral range
can be achieved using an LED plant lighting unit. Light in the blue spectral
range (400 to 500 nm) featuring low irradiance levels (0-80 pmol.m*.s™) is
generally considered to be involved in the photomorphogenic and
phototropic responses. The light requirements involved in the phytochrome
responses can be easily met by low light levels with wavelengths of 630 and
680 nm. Supplementing the red photon LEDs with others emitting in the
blue (450 nm) and infrared (735 nm) spectral range would meet plants’ light
requirements in a controlled environment facility [9].

A Light Unit with 90% red and 10% blue LEDs was used in the
American ASTROCULTURE™ Greenhouse flight unit during three Space
Shuttle missions, STS-57, STS-63, and STS-73, as well as in the
commercial ADVASC flight unit on ISS [10]. The video from the board
showing the dark-violet coloured plants was terrible, but fortunately, they
were not visible for the crew in the closed chamber. In terms of photon
output, the performance of the LED unit while in a space environment was
the same as the performance while tested on the ground. In addition to being
used as a lighting source in plant growth chambers, the LEDs can be a very
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effective photon source for photosynthetic research to study electron
transport, carbon metabolism and trace gas emission.

A greenhouse with large plant area of 3 m? will be mounted
“onboard” during the Mars-500 Experiment (in a module of 250 m® volume)
together with the required water and food supplies to ensure fresh vitamin
addition to the “cosmonaut” food. A Contract for scientific cooperation on
the Greenhouse-Mars Project between the SRI and the IBMP was signed in
the framework of an agreement between the Bulgarian and the Russian
Academy of Sciences in the field of Fundamental Space Research for the
period 2006-2010 [11]. According to this Contract, part of the Greenhouse
equipment, Light Units with different spectra (combinations of LEDS)
intended for the scientific plant experiments during the Mars-500 were
developed.

Previous studies demonstrated that the combination of red and blue
light was an effective light source for several crops. Yet, the appearance of
plants under red and blue lighting is purplish-gray making visual assessment
difficult. The addition of green light would make plant leaves appear green
and normal, resembling a natural setting under white light, and may also
offer a psychological benefit to the crew which is very important for long-
term living in a closed system surrounded by technical equipment only [12].

Green supplemental lighting could also offer benefits, since green
light can better penetrate plant canopy and potentially increase plant growth
by increasing photosynthesis in the lower canopy leaves. The American
experimental study proved that plants treated with red and blue LEDs and
with additional green fluorescent lamps produced more biomass than the
plants grown under white fluorescent lamps [13]. Now, it is not clear
enough what the optimal spectra of the future LED LUs should be to
achieve maximum plant productivity.

Technical characteristics of the new LM-LED

The Bulgarian team of experienced engineers and young biologists
from the SRI developed at the beginning only one small Light Module on
LEDs (LM-LED) [14]. The technical specifications for them were set by the
Russian experts from the IBMP. The most important requirement was to
ensure highly reliable, continuous and flawless operation for at least 18-24
months, so we took special measures to cool the unit, so as to maintain
constant electrical and thermal characteristics.

The main technical characteristics of the LM-LED are as follows:

90



e Lighting area’s size - 33x33 cm, same as the size of the LM on
fluorescent lamps. The new LM-LED replaced it without any
problem in SVET-2 SG, where we conducted the tests. Nine
modules with these dimensions will be sufficient to build 1 m? of
lighting area;

e Distance from the LM-LED to illuminated area — up to 50 cm.
The distance could be varied within 20-50 cm, with step of 10
cm, so as to use the full power of the LEDs in the different plant
development stages;

e Light intensity required for smooth running of plant processes
2Ph?tosynthetic Photon Flux Density (PPFD) — 350-400 umol.m’

S

e Spectral characteristics: blue (450 nm), green (550 nm), red (650
nm), £30 nm (see Fig. 1);

e Simulation of the following spectral ranges, by changing the
light intensity or the number of switched on LEDs at any
moment:

1. 50% blue, 20% green, 30% red,
2. 30% blue, 20% green, 50% red;
3. 10% blue, 20% green, 70% red,;
4. 10% blue, 90% red.

Since the emission intensity of the LEDs for the different spectral
ranges is different, a different number of them are switched on for the
different colours.

A special facility was developed for experimental measurements of
PPFD. Portable measuring system LI1-6400 - LI-COR was used. A series of
measurements of the intensity of different commercially available types of
LEDs were made.

Based on these measurements, we chose XLamp XR produced by
the US company Cree, which matched best the technical requirements [15].
This choice reduced significantly the total number of LEDs and simplified
the design of the LU. The XLamp XR type of LEDs were among the newest
products from this family. They can be operated with currents up to 700 mA
(equivalent to the power of 3 W), which allows variation of light intensity
within a wide range to achieve the objectives of the planned experiments.
Based on long-term reliability testing and standardized forecasting methods,
the LEDs of this series will keep up to 70% of their light intensity after
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50,000 hours of work, provided that the solder place temperature does not
exceed 80°C.

Prismatic optical system developed by Polymer Optics Ltd. [16],
mounted in front of each LED spot generates homogeneous light beam.
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Fig. 2. Calculating FWHM (full width at half maximum)

The spectral distribution of the LEDs differs in many aspects from
that of conventional light sources. It is not monochromatic, as laser
emission, or with a broad spectrum, as most light sources with incandescent
wire. LED has a typical spectral width - FWHM (full width at half
maximum) of 15 to 60 nanometres (Fig. 2). In this case, the spectral width
of the LED emission for normal distribution (AXgs) is calculated by finding
the difference (AXos) between the wavelengths with %2 of the maximal
intensity Ap, i.e. A'o5 and A"gs:

Ahos =MNos-A"o5

For the selected LEDs, we obtain the following:

LED (color) Ap Aos A5 Alos
Blue 468 455 480 25
Green 525 505 545 40
Red 632 625 640 15
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There is relative overlap between the spectra from the technical
requirements and the spectra of the selected LEDs.

Construction and methods of control

In order to describe better the structure and control of LM-LED, we
will introduce the following basic concepts:

Fig. 3. Photo of the LM-LED and the DMX Control Unit

e Light source (LS) — a powerful LED with red, green or blue

colour;
e Element —a light source with unique identification number (from
1 to 255);

e LED spot — a spot containing three elements;

e Group — a set of elements arranged in one or more spots which
are controlled jointly. It is possible to define up to 255 groups.
Each element can participate in one or several groups.

The Block Diagram of the LM-LED is shown in Fig. 4. 36 LED
spots are installed on a metal plate with heat sinks to maintain optimal
temperature during continuous operation. A standard Power Supply of
500W, 24V, 20A is used.

The DMX Control Unit is connected to six DMX LED controllers
and six LED spots are coupled to each one. 30 LED spots contain green, red
and blue LS, and 6 LED spots - 3 red LSs each. The proposed design allows
setting up to 255 different levels of light intensity for each element and
provides for easy change of the elements belonging to each group.
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This method of work facilitates the variation of spectral
characteristics and light intensity within a wide range, which allows to
conduct very accurate experiments with different crops to find the optimal
regimes for each crop.

Special instructions loaded in the memory of the DMX Control Unit
are used to control the spectral characteristics and light intensity of the LM-
LED according to a pre-set schedule. Each instruction controls a group of
elements, allowing elements from other groups to retain or change its state.

DMX Control Unit

1 2 B ataatt S -1
v

|DMX LED controlier LED spot LED spot 1
v
—{DMX LED contralier 2

¥ - i
|—|0MX LED controtler LED spot LED spot 6

Power supply

Fig. 4. Block diagram of the LM-LED

The main parameters of the instruction are:
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Instruction number (0-255);

Group number (0-255);

Standard program code (0-4);

Number of cycles (1-255) - indicates how many times to repeat
the instruction;

Initial intensity - red, green, blue (0-255);

Final intensity - red, green, blue (0-255);

"Switched on" time (0-25.5 s);

"Switched off" time (0-25.5 s);



e Start of the allowed astronomical time window (from 00:00 to
23:59) - the instruction is executed only within the allowed
astronomical time window;

e End of allowed astronomical time window (from 00:00 to 23:59);

e Active days of the week - the instruction is executed only on the

active days of the week.

The available standard programs for the control of LM-LED are:

Program code 0 — Turns all elements of the group into "switched
off" state.

Program code 1 — All elements that were switched on by the
previous instruction preserve their state. All elements of the group are
switched on and shine with constant intensity equal to the value in the field
“initial intensity”.

Program code 2 — Switches off all elements that were switched on
by the previous instruction. All elements of the group are switched on and
shine with constant intensity equal to the value in the field “initial
intensity”.

Program code 3 — All elements that were switched on by the
previous instruction preserve their state. All elements of the group are
switched on and shine with constant intensity equal to the value in the field
“initial intensity” for "Switched on" time, and are switched off for
"Switched off" time.

Program code 4 — Switches off all elements that were switched on
by the previous instruction. All elements of the group are switched on and
shine with constant intensity equal to the value in the field “initial intensity”
for "Switched on" time, and are switched off for "Switched off" time.

The results of the experiments conducted with the new LM-LEDs
will allow us to create a balanced spectral lighting system based on LEDs
and to find the optimal ratio between consumed energy and yield.

Experimental Verification Tests of LM-LED

Laboratory technical and biological tests of the LM-LED were
conducted using the equipment of SVET-2 SG in the air-conditioned
Laboratory of the SRI. The model consists of Control Unit and PGC in
which the changeable Root Module and LM are placed. The LM-LED could
be used interchangeably with the original LM on fluorescent lamps (LM-
FL). The ME-4610 universal data acquisition system produced by Meilhaus
Electronic GmbH was added to SVET-2 SG to process, store, and visualize
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the data acquired from the sensors located in the leaf-zone of PGC. The
process of monitoring the shoot zone 5 parameters (air temperature and
humidity, light intensity, air flow velocity, and air pressure) and the control
of RM substrate moisture is automatic [17].

Two one-month experiments with lettuce (Lactuca sativa L. var.
acephala Dill. cv. Lollo Rossa) and radicchio (leaf chicory) (Cichorium
intybus L. subsp. intybus (Foliosum Group) cv. Bianca di Milano) were
carried out using the new LM-LED [18]. The LM-LED was positioned at 20
cm in the PGC and ensured 400 umol.m™.s™ PPFD (high light - HL) for the
first experiment and 220 pmol.m?.s™ PPFD (low light - LL) for the second
experiment and spectral composition of 70% red, 20% green, and 10 % blue
light during both experiments. Another two one-month experiments with the
same plants but using LM-FL were carried out. In the first experiment, the
LM-FL was positioned 40 cm above the seed sowing surface to ensure 120
umol.m?.s™® PPFD (low light - LL) and in the second one, 20 cm above the
seed sowing surface to ensure 220 umol.m?.s™ PPFD (high light - HL).
Both varieties were cultivated together in each of the experiments. Lettuce
and radicchio seed germination, seedling height and dry matter
accumulation were measured to assess plant growth. Biochemical
parameters were also evaluated — Malonedialdehyde (MDA), H,O, and
Peroxidase activity (POX) reflect the extent of photodamage on lettuce and
radicchio plants. These morphometric and biochemical data were used to
estimate the impact of light intensity and spectral composition on cultivated
plants.

Results and Discussion

All analyses were made in the end of the experiments, except for
seed germination which was evaluated during the first 10 days of each
experiment.

When fluorescent lamps are used as a light source, germination rate
of lettuce seeds decreases by 27% as PPFD increases from 120 to 220
umol.m?.s™. The germination period also decreases twice, from 6 to 3 days.
Radicchio germination rate shows different dependences on changes in light
intensity — the number of germinated plants increases by 16% while the
germination period remains the same, although it is shifted one day left at
the higher light intensity (Fig. 5). Germination rate of both lettuce and
radicchio seeds cultivated on LEDs decreases as PPFD changes from 220 to
400 umol.m?s™ by 5% and 14%, respectively. The beginning of the
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germination period remains the same for each of the varieties and the
longevity is statistically equal at the two light intensities (Fig. 6).
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Fig. 5. Lettuce and Radicchio germi-
nation rate during experiments using
the Light Module on Fluorescent
lamps.

Abbreviations:

LL - Low Light Intensity - 120
pmol.m?.sPPFD;

HL -High Light Intensity - 220
pmol.m?.sPPFD.

Fig. 6. Lettuce and Radicchio ger-
mination rate during experiments
using the Light Module on LEDs.

Abbreviations:

LL — Low Light Intensity — 220
umol.m?.s* PPFD;

HL - High Light Intensity — 400
umol.m?.s™ PPFD.

Fig.7. Morphometric
characteristics of Lettuce and
Radcchio plants during
experiments with LM-FL and
LM-LED.

7-A: Height and 7-B: Dry Weight.
Used abbreviations are:

Low Light FL (fluorescent) - 120
pmol.m2s* PPFD;

High Light FL (fluorescent) - 220
pmol.m*.s* PPFD;

Low Light LED -220 pmol.m?s?
PPFD;

High Light LED -400 pmol.ni%s™
PPFD.
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Regardless of the lighting source, plant height within each plant
variety is nearly the same in all experiments, except at 220 pmol.m?2.s™
LED light when decrease by almost 30% for both plants was observed (Fig.
7-A). Just the opposite effect — increase of dry weight was observed when
low intensity of LED light was used (Fig 7-B).

Accumulation of high levels of MDA (Fig. 8-A) and increased POX
activity (Fig. 8-C) correlated with decreased endogenous H,O, content (Fig.
8-B) were observed in HL LED grown plants — both lettuce and radicchio.
High light is known to induce photodamage in plants by enhancing
photooxidation. This could be assessed by changes in MDA, waste product
of lipid peroxidation. As seen from Fig. 8-A, B, C, plants grown under
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fluorescent light accumulated small amounts of MDA compared even to LL
LED grown plants, both lettuce and radicchio. The biochemical set of
parameters revealed that low and high LED light induces photooxidation
protection reactions in both plants. HL LED grown plants are more sensible
to photooxidation but not to a greater extent than the LL LED grown plants.

Conclusion

Two one-month experiments with the new LM-LED were carried
out to study the effect of light intensity and spectral composition on lettuce
and radicchio plants. Light intensities were 400 pmol.m?.s™ PPFD (high
light - HL) and 220 pmol.m?.s® PPFD (low light - LL). The spectral
composition was 70% red, 20% green, and 10% blue light during both
experiments. This spectral composition ensured white light at which plants
looked green and pleasant for human eyes. These experiments revealed that
LL LED grown plants accumulated the highest dry weight compared to HL
LED and cool white fluorescent lamps, both LL (120 pmol.m?s™ PPFD)
and HL (220 pmol.m?s™ PPFD). The biochemical analyses revealed that
light emitted from LEDs unlocks photoprotection reactions in lettuce and
radicchio plants cultivated at 70% red, 20% green, and 10% blue light.

Other experiments are carried out to study the different light
intensity and spectral composition levels (10% blue, 90% red and 30% blue,
20% green, 50% red) to develop an optimal plant growth technology.

Prospects

Photoprotective plant reactions to high light intensity were observed
during the Earth verification tests. Based on these findings a new LM-LED-
5, on another type of LEDs (QH513) is under development. The advantages
of the new LM are lower price and lower power consumption, light weight
and improved effectiveness. The new universal LM, which is sized 40x40
cm and provided with separate pulse power supply of 220V will be tested
during the next stage of the Greenhouse-Mars Project. Such a module could
be easily transported to Moscow by plane to be used in biological and
technical tests within the ready-built structure of the experimental model in
the IBMP; it is easy to multiply (if funds are available) and to implement it
in the two Mars-500 greenhouse facilities with sized 80x160 cm.

The LM-LED-5 composition has been supplemented with white
light for psychological effect. Two rows of white LEDs are mounted in the
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module, which will be switched on when photos are taken or the “crew”
observes the plants. The most important task in both ground-based
experiments carried out in the SRI and the IMBP is to find the optimal LED
composition, so as to achieve the same plant growth as with fluorescent
lamp lighting.

Different plant species, mostly lettuce crops, will be grown under
different light spectra provided by LEDs with a small viewing angle and
maximum light intensity on the plant surface during the experiment.
Samples for analysis will be collected at different plant development stages
to investigate the influence of light spectrum on plant physiological
parameters. The psychological effect on the crew emotional frame (the
“plant-operator” dependence) will also be studied during the long-term
Mars-500 Experiment.

Acknowledgments

The research was supported by grants from the Bulgarian Ministry
of Education and Science — the NSF, Contract KI-1-01/03, and the OP
“Human Resources Development” funded by ESF, Contract BG0O51PO001
/07/3.3-02/63/170608.

References

l.1vanovaT,YuBerkovich AMashinskiyandG. Meleshko. The First
"Space" Vegetables have been Grown in the "SVET" Greenhouse Using
Controlled Environment. Conditions. Acta Astronautica, 29(8), 1993, 639-644.

2.lvanovaT,P.Kostov,S.Sapunova,l.Dandolov,F.Salisbury,G.B
ingham,V.Sytchov,M.Levinskikh,.Podolski,D.Bubenhe
imand G. Jah ns. Six-Month Space Greenhouse Experiments - a Step to
Creation of Future Biological Life Support Systems. Acta Astronautica, Vol. 42,
Nos. 1-8, 1998, 11-23.

3.lvanovaT,P.KostovandS. Sapunova. Renewing of the Greenhouse
Biotechnological Experiments Onboard the MIR Space Complex. 46th
International Astronautical Congress, Oslo, Norway, 2-6 October 1995, Rep.
IAF/IAA-95-G.4.01.

4.1lvanovaT,P.Kostov,l.Dandolov,S. SapunovVa. Results from
Microgravity Experiments in the SVET Space Greenhouse Onboard the MIR
Orbital Station, 51* International Astronautical Congress, Rio de Janeiro, Brazil,
2-6 October 2000, Rep. 1AF-00-J.3.10.

100



5,KostovP,T.lvanovaandS.Sapuno vV a. Adequate Substrate Moistening
System and Artificial Lighting for the Growth of Higher Plants in the "SVET"
Space Greenhouse. ACTA VET. BRNO, Vol.65, 1, 1996, 19-25.

6.lvanovaT,P.Kostov,S.SapunovaG.BinghamandS.Brown.
Equipment for the Greenhouse SVET’95 Project and Some Optimizations for
Future Experiments on board the MIR Orbital Complex. Aerospace Research in
Bulgaria, 14, 1998, 71-77.

7.GramaticovP.and T. 1 vanova SVET-2 Space Greenhouse Light Unit.
Aerospace Research in Bulgaria, 16, 1999, 24-34.

8.BulaR.,,D.Tennessen, R.MorrowandT.Tibbits.Light Emitting Diodes as
a Plant Lighting Source. Proceedings of International Lighting in Controlled
Environments Workshop, NASA Conference Publication; Kennedy Space Center,
Florida, USA, CP-3309, 1994, 255-268.

9.BulaR.andR. I gnatius. Providing Controlled Environments for Plant Growth in
Space. International Symposium on Plant Production in Closed Ecosystems,
Narita Japan, August 26-29,1996.

10. ZhouW., R.BulaandN. D uffie. Performance Evaluation on the Commercial
Plant Biotechnology Facility. SAE Technical Paper Series #981666,
28" International Conference on Environmental Systems, Danvers, Massachusetts,
July 13-16, 1998.

11. IvanovaT., V.Sychev.Project “Greenhouse - Mars” - Plant Growth Study with
Different Spectra LEDs Light Units, Proccedings of the Second Scientific
Conference with International Participation “Space, Ecology, Nanotechnology,
Safety” SENS’2006, 14-16 June, 2006, Varna, Bulgaria.

12. FoltaK.,L.Koss, R McMorrow,H Kim D.Kenitz,R.Wheelerand
J. S ager Design and Fabrication of Adjustable red-green-blue LED Light
Avrrays for Plant Research. BMC Plant Biology 2005, 5:17.

13. KimH.,G.Goins,R.WheelerandJ. Sag e r. Green-light Supplementation for
Enhanced Lettuce Growth wunder Red- and Blue-light-emitting Diodes.
HortScience 39(7):1617-1622, 2004.

14. lvanovaT.,l.Dandolov,D.Dimitrov,B.Boytchev,O.Petrov,Y.
N aydenov. Light Unit for Space Greenhouse Based on Powerful LEDs,
Proceedings of the Third Scientific Conference with International Participation
SENS 2007, 27-29 June 2007, Varna, Bulgaria, 341-346.

15 Data sheet for Cree® XLamp®XR L E D,
http://cree.com/products/pdf/XLamp7090XR.pdf

16. Polymer Optics Limited, Narrow Angle LED Colour Mixer Assembly,
http://www.polymer-optics.co.uk/Cree%20Colour%20Mixer%20Range.pdf

17. lvanovaT,P.Kostov,S.Sapunova l.llieva S.Neychev.Plant
Cultivation in Space: Next Steps towards the SVET-3 Space Greenhouse Project
and Current Advances. Space Technology, Lister Science, Printed in Great Britain
(0892-9270/06), Vol. 26, Nos.3-4, 2006, 129-136.

101


http://cree.com/products/pdf/XLamp7090XR.pdf
http://www.polymer-optics.co.uk/Cree%20Colour%20Mixer%20Range.pdf

18. IvanovaT,l Ilieva Y. Naydenov,V. Sychev,M.Levinskikh.
“Greenhouse-Mars” Project: New light-emitting diode module tests. Proceedings
of Conference “Fundamental Space Research”, 23-28 September 2008, Sunny
Beach, Bulgaria, 291-294.

HOB CBETOJUOJAEH MOAYJI 3A OCBETJIEHUE
PA3BPABOTEH 11O ITPOEKTA “OPAH/KEPUA-MAPC”

T. Heanoea, H. /lanoonoe, U. Hnuesa, H. Haiidenos
M. Jlesunckux, B. Cotues

Pesrome

Cowriaacio J[loroBopa 3a HayuyHO CbTpyaHHuYecTBO 1o [Ipoekt
»Opamkepus Mapc" mexnmy MHCTUTyTa 32 KOCMUYECKH W3CIICBAHMUS,
Copus wm MHHcTHTyTa 1O MEIUKOOMOJOTMYHM mpobiemu, MOCKBa,
OBNTapCKH YYeHH pa3padoTHXa HOB OCBETHUTEIIEH MOJYJI Ha CBETOIUOIU
(LM-LED). HoBusar LM-LED e na O6a3ara Ha MOHOXpPOMAaTHYHH
ceeromuoau (LEDs, tum Cree® XLamp® 7090 XR), wusmbuBamui B
yepBeHara, 3eneHarta u cuHsata (RGB) oGmactu Ha cnekrbpa. biok 3a
yopasienue B DMX cranpapt mno3BosisiBa 3ajJjaBaHE Ha IUTBTHOCT Ha
dorocunreriunns Goronen norox (PPFD) B rpanmmure 0-400 pmol.m?.s™,
bsixa npoBeneHu 1a00OpPaTOPHU TEXHUYECKU U OMOJIOTMYHU M3NUTAHMS Ha
LM-LED c nmomomra Ha komiuiekca amapaTypa Kocmuuecka opamxepus
(KO) SVET-2, npororum Ha jeTsuiata Ha O0opaa Ha OpOuranHata CTaHIHS
MMUP. C noBust LM-LED 6s1xa npoBeieHH /1Ba €THOMECEUYHU EKCIIEPUMEHTA
C pacTeHHsTa cajara W IUKOPHS, ChC CIEKTpajeH cheTaB - /0% depBeHa,
20% senena u 10% cuns ceeramaa u PPFD - 400 umol.m?.s™ (ucoxa
ocsereroct) u 220 pmol.m?s™ (uncka ocserenoct). IIpociencHu Gsixa
BUCOYMHHUTE HA PACTEHUATa M aHAJIU3UPAHU HAKOM OMOXMMHUYHHU Iapa-
METPU KaTo pe3ysTaTHTe OsiXa CpPaBHEHHM C peE3yJNTaTHTE OT IOAO0OHU
eKCIIEpUMEHTH, U3BbPIIeHU che cTapus biok 3a ocsernenue nHa KO SVET-
2 Ha ¢ayopecuentnu namnu (OSRAM DS 11/21). Crarusita 06001iaBa
Hay4YHO-M3clieioBaTencka pabota mo mnpoekra ''Opamwxepus-Mapc” 3a
nocieanute 3 roaunu (2006-2008).
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