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APPARATUS AND METHOD FOR THE MANI PULATI ON, PROCESSI NG AND OBSERVATI ON OF
SN%LL*PARTICLES I N PARTI CULAR BI OLOG CAL PARTI CLES 5 Description The
|nvent|on relates to apparatus for the manipul ati on, processing and
observation of small particleées, in particular 10 bi ol ogi cal particles,
conprising at |east one first | aser, which generates |ight beans in a first
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pul ation, processrng and observation of small particles, in particular
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the*object holder and record their behavior.

_ The invention further relates to a method for the mani-

20 pulation, processing and observation of small particles, in
-partlcular biological partlcles, in which the objects in an
object holder are fixed in an optical trap by at least one
flrst_laser, which generates light beams in a first wavelength

_ range, and the objects are observed and/or their behavior re-

25 corded with observation and recording devices.

Apparatus of this kind is known, for example, from U.s.
Patent 4 893 886, which employs a so-called optical trap that
uses -a;strongly focused laser beam with an intensity profile
30 having an approximately Gaussian distribution. In these opti-
cal: traps the components of radiation pressure, namely scat-
tering force and gradient force, are combined with one another
to form a point of stable equilibrium situated close to the
focus of the laser beam. Here the scattering force is propor-
35 tional to the optical intensity and acts in the direction of
the incident laser light. The gradient force is proportional
to the optical intensity and points in the direction of the

intensity gradient.



to the optical intensity and points in the direction of the intensity
gradlent -2- Details of such optical traps and their physical bases are
glven for exanple, in the publication "Optical Trapping and Manipul ation
of Single Living Cells Using Infra-Red Laser Beans", A Ashkin et al. in
BERI CHTE DER BUNSEN- GESELLSCHAFT 5 FUR PHYSI KALI SCHE CHEM E, March 1989,
pp. 254-260. Apparatus of this kind can be used to capture, fix and mani-
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The invention is therefore directed to the problem of pro-

15 viding an apparatus and a method by which well-directed and
exact manipulation, processing and observation of small par-
ticles, in particular biological particles, can be achieved.

Thus, in accordance with the present invention there is pro-
20 vided an apparatus of the kind mentioned at the outset cha-
| racterized in that at least one second laser is provided,
which generates light beams in a second wavelength range that
are focused by a second.optical device with sufficient conver-
gende to manipulate particles present in the region of the ob-
25 ject holder; in that the optical devices for the light beams
in the first wavelength range, for the light beams in the sec-
ond wavelength range and for the beams of the observation
light are each separate and can be positioned and focused in-
dependently of one another; and in that the light beams in the
30 first wavelength range, the light beams in the second wave-

'~ length range and the beams of the observation light are fo-
cused in the same object plane of the object holder at the be-
ginning of the manipulation and observation, regardless of
their wavelengths. '

35
As a further development of the apparatus in accordance with
the invention, it is provided that each of the first lasers is



30 first wavel ength range, the |light beans in the second wave- |ength
Fange "and the beams of the observation light are fo- cused in the sane
obj ect plane of the object holder at the be- ginning of t he mani pul ati on
and observation, regardless of their wavel engths. 35 As a further

devel opment of the apparatus in accordan8e-with the invention, it is
provi ded that each of the first lasers is -3- of an
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nium-sapphire laser and each of the second lasers is a nitro-
gen laser, a frequency-multiplied IR laser or a pumped dye
15 laser. '

As a further developmeht of the apparatus in accordance with
the invention, it is provided that all of the first lasers and
the second lasers are disposed in the same tower but can be

20 positioned and adjusted independently of one another. The
basic arrangement of the light sources can thus be achieved in
a space-saving manner, especially when the lasers of the two
types are disposed one above the qther on appropriate mounting
plates. The components of the focusing and deflecting optics

25 in turn can be mounted together on a single plate associated
with the tower, to achieve a compact structure.

The light sources that generate light beams in the particu-
lar wavelength ranges can be provided as separate lasers. In a
30 preferred embodiment of the apparatus in accordance with the
invention it is prov1ded that the beam of the first laser is
split w1th a beam splitter to produce at least first and sec-
~ ond light beams in the first wavelength range, which are sent
_ along separate paths, at least in part, and then directed onto
35 the object in the object holder. If needed, additional light
beams can be diverted from the beam of the first laser with
such a beam splitter, separately guided,'at least in part, and



types are disposed one above the other on appropriate nounting plates. The
conporients of the focusing and deflecting optics 25 in turn can be
mount ed together on a single plate associated with the tower, to achieve a
conmpact structure. The light sources that generate light beans in the
particu- |ar wavel ength ranges can be prdvided as separate lasers. In a 30
preferred enbodi nent of the apparatus in accordance with the invention it
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the invent jagtabler.oves useful to provide each of the beanms fromthe first
| aser and 15 the second |laser with its own diverging optic, each of

whi ch can be adjusted in three dinensions, in particular on three
In the apparatus in accordance with the invention it proves

useful to provide each of the beans. from the first laser and

15 the second laser with its own diverging optic, each of which
can be adjusted in three dimensions, in particular on three
orthogonal coordinates.

It is also useful in the apparatus in accordance with the
20 invention for the mirrors and beam splitter in the paths of
the beams of the first laser and the second laser to be ro-
tatable or tiltable independently of the diverging optics.
This feature offers the advantage of an additional means of
adjusting the individual beams in the x-y plane.
25 '

In a further development of the apparatus in accordance with
the invention, the beam of the observation light can be fo-
cused on the object in the object holder by adjusting the ob-

_ jective and/or the object holder along the optical axis, in

30 the z direction, and the observed site, illuminated by the
beam of the observation light in the object plane, can be
adjusted by displacing the object holder in an x-y plane
within the object plane. |

35 It is further advantageous to provide a beam attenuator in
the path of each beam from the first lasers and second lasers,



orthogonal coordinates. It is also useful in the apparatus in accordance
wth tthe 20 i nvention for the mrrors and beamsplitter in the paths of
the beans of the first |laser and the second |laser to be ro- tatable or
tiltable i ndependently of the divergi'ng optics. This feature offers the
advant age of an additional neans of adju$ti-ng the individual beans in the
x-y plane. 25 In a further devel opment of the apparatus in accordance wth
t he i nvent bynmeans bSawhdch fhepbeamgatinothe Fespestiye Mavelehstton t he

ol der ol of e B B e o Tand 1 e obaarved
XLS, In . Zz dir | on,. a £

site, ill gﬁPﬁ&F&X!bPeﬁﬁgeﬂMOPrtenéi%ﬁ%e&aﬁ %Pﬂjﬁc&lérbg}}g%tso r'}/:ne,

cgl_n be aflJ g&btghbkldé&'slpl‘mlfé rjfg;ﬁdmh ivy eft thelstebeansacan thisake wddjistede

obj ect. pl ane. t r vant a { LQ\

at't engat or *Pn? ﬁ&VS&t Fush 351@% %‘@%ﬁ%@%@%%ﬁ%ﬁ Q:]ﬂg?ga‘rﬁﬁ g:nl%és)%nnd

| asers, avbided.neans of which the beans in the respective wavel ength

ranges can be attenuated, either in preset steps or conti- nuously, before

they are directed onto the object in the ob- ject holder. The intensjty of
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jective by way of a common mirror. This arrangement enables a
particularly compact structure of the apparatus. At the same
time the configuration of the beam path is simplified and re-
15 liable operation of the apparatus is ensured.

In a special embodiment of the apparatus in accordance with
the invention it is provided that the light beams produced by
the beam-generating devices and subsequently treated, deflect-

20 ed and focused on the object all lie in substantially the same
first plane, that the object holder is situated in a second
plane, perpendicular to the first plane, and that the mirrors
or beam splitters to divert the individual beams are also dis-
posed in planes perpendicular to the first plane. This makes

25 available an especially compéct and easily handled apparatus,
which guarantees reliable coordination of the individual light

beans.

The method in accordance with the invention is characterized
30 in that at least one second laser is employed, which generates
beams in a second wavelength range'that are focused with suf-
ficient convergence to manipulate particles present in the re-
gion of the object holder; in that the beams in the first
wavelength range, the beams in the sécond wavelength range and
35 the beams of an observation light can each, independently of
one another and with separate optical devices, be adjusted in
the object plane, the so-called x-y plane, and focused in the



jective by way of a common mirror. This arrangenent enables a particularly
conpact structure of the apparatus. At the sane tine the configuration of
the beampath is sinplified and re- 15 | i abl e operation of the apparatus
is ensured. In a special enbodinment of the apparatus in accordance wth the
invention it is provided that the |ight Beans produced by the

beam generati ng devices_and subsequently treated eng
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z direction, perpendicular to the x-y plane; and in that at the beginning
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t he object hol - “der epen ?ﬁ hei r wavel en q
the 1nventlon 1t is prOV1ded that a particle caught in the op-
_ tical trap of the first laser can be moved
15 (a) by displacing at least one light beam in the first wave-
length range in the x-y diregtion and/or
(b) by displacing the object holder in the x-y direction in
the object plane, only the trapped particle being moved in
case (a) and all the particles in case (b).
20
It is also provided in a further development of the method
in accordance with the invention that a particle caught in the
optical trap of any of the first lasers can be moved
(a) by displacing at least onellight beam in the first wave-
25 length range in the z direction and/or
(b) by displacing the objective and/or the object holder in
the z direction, '
so that in case (a) the trapped particle is moved out of the
chosen observation plane and in case (b) the trapped particle

30 remains in the chosen observation plane.

Of course, not only linear displacements of particles are
possible; rather, in a further development of the method in
accordance with the invention, with the use of at least two

35 separate beams in the first wavelength range a particle in the
optical trap can be rotated, by



5 The met hod in accordance with the invention provides an ad- vantageous
way of permtting the user of a corresponding appa- ratus to enploy a
stable starting position and orient hinself to the plane in which events
are occurring or are to be influ- 10 enced. -In a further devel opnent of
the method in accordance with the inventidnit is provided that a particle
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trapped particle is noved out of the chosen observation plane and in case

(b) the trapped particle 30 remains in the chosen observation plane. O
course, not dm ya |furszhenlidplebepment of e tnethesd are poserdarnce raitier, in
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a partlcle13¥QQN¥kﬁﬂlﬁkﬁ Qﬁ%ﬂﬁc&ﬂl?k?r%ﬁ%ﬁQﬁiW%xelength range in an ar-
bitrarily selectable x-y plane of the object holder, which may

be the same as the observation plane or another plane parallel
to it. This sort of alteration of the observation plane is

15 readily achievable, after the starting position has been esta-
blished at the beginning of the procedure.

In the method in accordance with the invention it is advanta-
geous to use visible or IR laser beams for fixing the par-

20 ticles in the optical trap and UV laser beams, in particular
pulsed UV laser beams, for manipulating the particles..

When in a further development of the.method in accordance
with the invention all the light beams are directed simulta-
25 neously through the same objective onto the object in the ob-
| ject holder, especially reliable adjustment and manipulation
become possible.

Finally, in the method in accordance with the invention all
30 the light beams for controlling the treatment and/or observa-
tion can be adjusted in their intensity and/or turned on and
off independently of one another. This is an advantageous
means of providing many possibilities for the manipulation,
processing and observation of particles.
35 |
In the following, the invention is explained in detail, also
with respect to additional characteristics and advantages, by



-7- (a) leaving one beamin its starting position and noving the other in
the x-y direction, or (b) |eaving one beamin its starting position and
noving the other in the z direction, or 5 (c) nmoving at | east two beans
i n opposite directions or over different distances along the z axis, or (d)
conbi nations of the novenents in (a), (b)8and (c). In a further devel opnent
of the method in accordance with 10 the invention it is provided that
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range in apAkhdidttiddiaa AFRP! € x-y plane of the object holder, which
may be the sanme as the observation plane or another plane parallel to it.
This sort of alteration of the observation plane is 15 readily
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particl es. components, so that the latter can be adjusted relative to the

two lasers 3 and 4 in such a way that the light beam each

15 laser emits in its own wavelength range passes through the

subsequent optical devices to the object holder 22. Here it is
advantageous for the lasers 3 and 4 to generate parallel
beams. The optical components on their rails can usefully be
of modular design.
20
In the illustrated embodiment the IR laser 4 generates a
light beam that is divided by the beam splitter 16 into a
first beam and a second beam. The first beam goes through
corresponding apertures 6 and a diverging optic 14, 15 and is
25 then deflected by an IR-reflecting mirror 9, after which it
passes through a beam spiitter, e.g. a prism or a halfsilvered
" mirror 20, and another half-silvered mirror 8 or a correspond-
‘ing prism. It is then directed by a deflecting mirror 7 to a
schematically indicated microscope 1 with an objective 21, a
30 object holder 22 and a light source 17 for observation light.

The split-off part of the beam from the IR laser 4 passes
from the beam splitter 16 to a mirror 19 which directs it
through corresponding apertures and a second diverging optic

35 12, 13. Then this second beam is deflected by the beam split-
ter or half-silvered mirror 20 and led to the microscope 1 in
the same way as the first beam from the IR laser 4. '



35 In the following, the invention is explained in detail, also with
respect to additional characteristics and advantages, by -8- the
description of an exenplary enbodi nent and with reference to the attached
drawi ng. The single figure in the drawing is a schematic representa- 5
tion of an enbodi nent of apparatus in ac®rdance with the in- vention,
showi ng the |ight sources used and the beam paths. In the draw ng there can
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be of modular design. 20 In the illustrated enbodi ment the IR |aser 4
generates a |light beamthat is divided by the beamsplitter 16 into a first

beam and a sggoRthebdaMustiatidd Emdurmeayite the aagh splrirtesno s neampss tar es

TRt it ect GBS O Spiferek i, hith cads WA R S die Mhepue |
a prism or fromlthe |TRerlecser ranst attensikwmf Hdre Hallghtsihean arme rebrtle or
a CorreSpoqgtensity is drawn off for the second beam. In a preferred em-
bodiment, however,jthe beam splitter 16 has the form of a po-
larizing beam splitter, which generates a first beam with
15 s-polarized light and a second beam with p-polarized light and
adjusts the phase shift between these two beams, the percen-
-tage relationship between the intensities of the two beams in
the first wavelength range of the IR laser 4 being simulta-
neously adjustable.
20 .

It is advahtageous for the optical components used in this
region to be coated for infrared light, to guarantee that the
beams are directed precisely without undesired losses. If
desired, a beam attenuator 25 can be provided in the path of

25 the first and/or second beam, so that the power of the light
beam can be adjusted. Alternatively or additionally, it is
possible to adjust the output of the IR laser 4 itself within

a preset range.

30 Independently thereof, in the path of the first and second
beams from the IR laser 4 means are provided for interrupting
the respective beam. Either the apertures 6 or separate
closing devices can be used for this purpose.

35 ' As second laser a UV laser 3 is provided, which generates a
beam in a second wavelength range that passes through a beanm
attenuator 18, apertures 6 and its own diverging optic 10, 11,



ing prism It is then directed by a deflecting mrror 7 to a schematically
rpdlcdted m croscope 1 with an objective 21, a 30 obj ect hol der 22 and a
light source 17 for observation light. The split-off part of the beam from
the IR laser 4 passes fromthe beamsplitter 16 to a nmirror 19 which
directs it through correspondi ng apertard® and a second diverging optic 35
12, 13. Then this second beamis deflected by the beamsplit- ter or
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wavel ength range of the IR | aser 4 being sinylta- neously adjustable. 20

The components situated in the beam path of the UV laser 3
are of course designed and suitable for such UV light, and the
15 components 7 and 8 as well as 21 are designed for both IR and
UV light and are correspondingly COated.

Associated with the microscope 1 are a light source 17 for
observation light, which is advantageously visible light, as
20 "well as a device for visual observation 23, advantageously
with an appropriate protective filter, and combined observa-
tion and recording devices 2 comprising, for example, a ca-
‘mera, a monitor and a video system. A variable IR filter 24 is
advantageously inserted ahead of the latter to perform a cor-
25 = responding protective function.

In an arrangement of this kind it is possible to use as
light sources various lasers connected to the microscope 1 by
~ a compact coupling optic. Both the (pulsed) UV laser 3, which

30 operates for example in the near UV, and the (continuously
operating) IR laser 4, which operates for example in the near
IR, must be capable of very sharp (diffraction-limited) fo-
cusing, that is, have a minimal beam divergence. As long as
they satisfy these prerequisites, the lasers can be very di-

35 verse in construction; small, compact lasers for laboratory
studies or the like are particularly suitable.



It is advantageous for the optical conponents used in this region to be
coatad’for infrared |ight, to guarantee that the beans are directed
‘precisely without undesired |osses. If desired, a beamattenuator 25 can be
provided in the path of 25 the first and/or second beam so that the
power. of the |ight beam can be adjusted. 1Alrernatively or additionally, It
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as indicated schematically in the drawing.

15 An important aspect of the apparatus in accordance with the
invention is that each beam of the lasers 3 and 4 is provided
with its own diverging optic 10, 11 or 12, 13 or 14, 15,
respectively, each of which can bé-displaced in three dimen-
sions, in particular three mutually orthogonal directions, as

20 indicated schematically in the drawing. These diverging optics
expand the beam passing through them to such an extent that
the beam diameter just slightly exceeds the back-facing aper-
ture of the objective 21 of the microscope 1. For example,
these diverging optics can comprise two planoconvex lenses or

25 one planoéonvex and one planoconcave lens of suitable focal

length.

Insofar as coordinate directions are indicated in the
drawing for the diverging optics 10, 11 or 12, 13 or 14, 15,
30 these refer to the situation in the object holder 22, such
that the x-y plane is perpendicular to the plane of the
drawing and the z direction is orthoéonal to them and lies
within the plane of the drawing.

35 By displacing one of the diverging optics 12, 13 or 14, 15
in the x-y plane, therefore, the site of fixation of the opti-
cal trap in the x-y plane can be altered, whereas a movement



W light and are correspondingly coated. Associated with the m croscope 1
are a’light source 17 for observation light, which is advantageously
visible light, as 20 wel | as a device for visual observation 23,

advant ageously with an appropriate protective filter, and conbi ned observa-
tion and recordi ng devices 2 conprising, 2o~ exanple, a ca- nmera, a nonitor
and a video system A variable IRfilter 24 is advantageously inserted :
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particles Mg VIS- cous sol utions. As nentioned previously, for the
coupling of 10 two IR | aser beans that can be noved i ndependently of one
' In addition or alternatively, it is possible to rotate or

15 tilt the components 8, 9 and 20 in planes transverse to the

plane of the drawing, in order to move the associated beams in

the x-y plane.

The object holder 22 is displaceable in the directions of
20 the x, vy and z axes in a manner known per se, to achieve suit-
able positioning. The objective 21 in turn is displaceable at

least in the z direction. '

In the illustrated embodiment the observation and recording
25 devices are arranged so as to operate with transmitted light.
The arrangement can of course be such that these observation -
and recording devices 2 and 23, respectively, are positioned
on one side of the microscope 1 and the light source 17 for
_ ' the observation light is behind the microscope 1, in the di-
30 rection of the beam, so that ‘it is possible to operate with
reflected light.

The previously describéd apparatus can be used for many ap-
plications in which small particles are to be processed and

35 manipulated undef simultaneous observation. Fixation of par-
ticles at one or more sites is achieved by turning on or off



another it is possible to use either two di ode-punped Nd: YAG | asers or one
f1 ashl’anp- punped Nd: YAG | aser with high output, as indicated schematically
in the drawi ng. 15 An inportant aspect of the apparatus in accordance
with the invention is that each beamof the lasers 3 and 4 is provided with
its own diverging optic 10, 11 or 12, 1318r =14, 15, respectively, each of
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: beams can be influenced independently of one another in order
to move particles within the object holder 22 and to process
15 them at a specifically targeted position within their three-
dimensional extent, for example by utilizing the UV laser 3

described above.

In this process, one way to produce movements in the
20 x-y plane is to displace the object holder 22 in the
x-y direction, in which case all the particles it contains
move simultaneously in this plane. Movement in this x-y direc-
tion can also be-brought about by operating at least one of
the diverging optics 12, 13 or 14, 15 or tilting at least one
25 mirror surface of the components 8, 9, 20, so that single par-
' ticles can be moved independently of one another.

Movements in the z direction can be produced in various
ways; one way is to move the object holder 22 in the z direc-
30 tion relative to the objective 21, and another is to move the
objective 21 in the z direction relative to the object holder.
In both these cases the focusing is preserved for the visible
. observation light. | | '

35 Independently of the preceding, at least one of the di-
verging optics 12, 13 and 14, 15 can be operated in the z di-
rection, so as to enable tilting or rotation of an object in



respondlngly Di spl acenent of the di verging optic 10 11 in the x-y

di rect’ion changes the site at which particles in the object pl ane are

i nfluenced. A novenent in the z direction causes a defocusing in this
direction with respect to the ob- 10 servation plane. Hence processing
-can optionally be carried out either inm tld4e < ocus/observati on plane or
outside this fo- cus/observation plane. In addition or alternatively, it is
possi bl e t theobdjectr htdder t22.t ltrhé;lummrat shgeegrdimenzganaly|ahiiect '
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"clamped" to the object holder, because fixation is brought
- about merely by the IR laser beams generated by the IR laser
15 4. It is thus possible simultaneously to observe and process
one or more freely movable objects in a simple and reliable

manner.

In the embodiment described above an arrangement is employed
20 in which all of the light beams generated by each individual
1ight source are passed, deflected and focused practically
within the same plane, from the 1ight-genefating devices on.
The various beams are sent to the object holder 22 by way of a
common deflection mirror 7 and the objective 21. This feature
25 enables an especially compact arrangement, which alsoc guaran-
tees that the apparatus will function reliably.

It is of course also possible to distribute the various com-
ponents of the optical devices in a three-dimensional arrange-
30 ment, but then in most cases it becomes necessary to employ
spheridal or parabblié_mirrors, in order to direct each beam
onto the object holder 22 in the desired manner. This. can be
useful or desirable for particular applications, if compact
structure is not of primary importance.



priate, a larger nunber of beans produced by anal ogdﬁ‘sWsi—Oﬁ—ef——t--he
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biological particles,
- a light source (17) for observation light, and
- observation and recording devices (1, 2, 23) with which to
20 observe particles .in the object holder (22) and to record
their behavior, '
characterized in that at least one second laser (3) is pro-
vided for generating light beams in a second wavelength range,
and a second optical device (10, 11; 21) is provided for fo-
25 cusing the beams in said second wavelength range with suffi-
cient convergence to manipulate pafticles present in the ob-
ject holder (22); o
in that the optical devices (10, 11; 12 to 15; 21) for the
beams in the first wavelength range, for the beams in the sec-
30 ond wavelength range, and for the beams of the observation
light can each be positioned and focused separately and inde-

zf}e to contain particles, in particular

pendently of one another;

"and in that the beams in the first wavelength range, the beams

in the second wavelength range and the beams of the observa-
35 tion light are focused at the beginning of manipulation and

observation in the same object plane (x-y plane) of the object

holder (22), regardless of their wavelengths.



rection, so as to enable tilting or rotation of an object in =14 - the
obj ect” holder 22. In this way a three-di nensi onal object can be observed

and processed in various imginary planes of section th llmnﬂ 5
Because the diverging optic 10, 11 for the W laser 3 cumﬂtm MHH!“ -
i ndependent |y of the preceding optics, Hé processing cah be opt i"ondl | y

carried out in the focus/observation plane or outside the focus/observation
plane. 10 2. Apparasps asusladaad ey Glrihe precedi ng enabl es use of the
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di rect eacﬁ
a frequency-multiplied IR laser or a pumped dye laser.

15 4. Apparatus as claimed in any one of Claims 1 to 3,
characterized in that all of the first lasers (4) and the sec-
ond lasers (3) are arranged in the same tower (5) but can be
positioned and adjusted independently of one another.

20 5. Apparatus as claimed in any one of Claims 1 to 4,
characterized in that the light beam of the first laser (4) is
divided by a beam splitter (16) that produces at least first
and second beams in the first wavelength range, which pass se-

- parately over at least part of their paths and are then di-

25 rected onto the object in the object holder (22).

6. Apparatus as claimed in Claim 5,

characterized in that the beam splitter (16) is a polarizing

beam splitter that generates a first beam of s-polarized light
30 - and a second beam of p-polarized light and adjusts the phase

shift between these two beanms,

and in that the percentage relationship between the intensi-

ties of the individual beams in the first wavelength range is

adjustable.



onto the object holder 22 in the desired manner. This can be usefulor__

desi r abl e for particular applications, if conpact str | t  of
primary inportance. - 15 - APPARATUS AND METHCD chmwﬂr m\l
PROCESSI NG AND OBSERVATI ON OF SMALL PARTI CLES, | N PARTt : AL

PARTICLES 5  Patent Clainms 1. Apparatud?for the manipul ation, processing
and observation of small particles, .in particul ar biol o%i cal_particles,

com prising-18pparatusyas Sdaimede im any 1ofs one pf sordert® & 1 ght
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observe pakhpgboeli coordimgtest (%l ¥or Z)22) and to record their behavior,
characterized in that at | east one second |laser (3) is pro- vided for

generating light beans in a second. wavel ength r ., .and a second optical
devi ce (10, 811APPRFatus,as, idadmesy %_a%%ne 8?2%3’6% lbéﬁrbso'i n said
secopd _Wavehaﬁrablmrarz@a \&iri Ittﬁﬁ fbhe @iigoreoang deaoe sipd itsten=l (&2 9,
part '18' €s BB?S%Q'%VIiﬁetdh%.no%hé %%tthh%fj%rhe( @a;ms from the first laser (4)
and the second laser (3) can be rotated or tilted indepen-

dently of the diverging optics.

9. Apparatus as claimed in any one of Claims 1 to 8,

15 characterized in that the beam of the observation light can be
focused on the object in the object holder (22) by adjusting
the objective (21) and/or the object holder (22) along the op-
tical axis (z direction); '
and in that the site of observation for the beam of the obser-

20 vation light in the object plane (x-y plane) can be adjusted
by displacing the object holder (22) in an
X~y plane within the object plane.-

10. Apparatus as claimed in any one of Claims 1 to 9,
25 characterized in that in the path of the beam from each of the
first lasers (4) and second lasers (3) a beam attenuator (18,
25) is provided, with which the beams in the associated wave-
length range can be_attenuated, in preset steps or conti-
nuously, before they are directed.onto the object in the ob-
30 ject holder (22).

11. Apparatus as claimed in any one of Claims 1 to 10,

characterized in that the light beams in the first wavelength
_ range and the light beams in the second wavelength range are
35 directed onto the relevant dbject in the object holder (22)

through a common objective (21) by way of a common mirror (7).



I n that t he opti cal devi ces (10, 11; 12 to 15; 21) for the beams in the
first 'wavel ength range, for the beans in the sec- uw

range, and for the beans of the observation |ight can ummll WHUMd
and focused separately and inde- pendently of one anethér;®ard i"n fhat the

beans in the first wavel ength range, the ¥eans in the second wavel engt h
range and the beans of the observa-_ 35 tion |ight a,re focused at the

begi nni ng 32 -naAPPATALUS, afh Flined, 4n &Y (Phe @ e ttPitre (x-y ,

pl gne)Apg; E:th%r%l@:lt%&'tllz@d dey &ﬁﬁ-) ,tueegawqgiamaﬁs tdmeramamltqngms bean~ 16
rat us as .cl ai characterjze t

first | aseF?nFEfillé‘ga‘feS' at’ﬁ \@\]Péﬁ C]t}ﬁgtr cagce‘%e ad] ue(%‘fq.i:é(}i \?é]eér 2?0 B

appropri at euseld far theu lrerl esrantR dlgset a5|.1 limdin substantially the sarend

laserg (3) ¢ g\i%ﬂ%&er with vvavel ength that can be adjusted where
| n

appro rlate du- lar pul sed UV laser. 3., Apparatus as clained in
Claim1 orin that thﬁwa?biﬁcé? |1R§'diqrn ¢34 J(-'ﬁicRP%‘ftltq{@q iina |speend (plang

an Ed ;/AtGhl(a;S.@r, ]%ihl ¥rpdritfitfuldr &d |ﬁ1g§1|m§amﬂ@ | aser, and in that
each o e sécon as IS a nltro en y-Juul tjnolied
IR laser oPng 3’@? é%’é’rr Aﬁﬁ};‘.ﬁ% &'cl %’ ﬁ:' a%@ or
of dains Adfdedt mammmn rnitqmn ‘edmofarend fkiewise ea;sram(elq md the

o ttoneabhnen BRI i O (U Ring Bt PR i

as clained in any one of Clains 1 to 4, characterized in that the I|ight
beam of- thgfirgl fJatfRia (#br ithe manipulation, processing and observation

of small particles, in particular biological particles, in
which the objects in an object holder (22) are fixed in an op-
15 tical trap by means of at least one first laser (4) that gene-
rates light beams in a first wavelength range and the objects
are observed and/or their behavior is recorded with observa-
tion and recording devices (1, 2, 23),
characterized in that at least one second laser (3) is used,
20 which generates light beams in a second wavelength range that
are focused with sufficient convergence to manipulate par-
ticles present in the region of the object holder (22),
in that the light beams in the first wavelength range, the
light beams in the second wavelength range and the beams of
25 the observation light can each be adjusted in the object plane
(x-y plane) and focused in the axial direction (z direction)
with separate 6pti¢al devices, independently of one another;
and in that the beams in the first wavelength range, the beams
in the second wavelength range and the beams of the observa-
30 tion light are focused at the beginnihg of manipulation and
observation in the same object plane (x-y plane) of the object
holder (22), regardless of their wavelengths.

14. Method as claimed in Claim 13, _
35 characterized in that a particle captured in the optical trap
of each of the first lasers (4) can be shifted within the ob-

ject plane



di vi ded by a beamsplitter (16) t hat produces at |least first and second
beans in the first wavel engt h range, which pass.se- parately over at |east

part of their paths and are then di- 25 rected onto t ﬂj ﬂ
obj ect holder (22). 6. Apparatus as clained in Caims5, qmn cuﬂallnmm“ II
that the beamsplitter (16) is a polarizi¥y beamsplitter *that §enbrates a
first beam of s-polarized |ight 30 and a secqond beam qf p-polarized

light and 4&)u¥¥s displacing sarﬁ fkeash Qs Lighic ke daykhe Fth WAE" t he
percent age r el alentihidaniy vidertid ec-ynidirsdctiioreand/dhe i ndi w dual beans

clai mod | n Gy 20 O e SRS Tafen @0, R i Bsden,

“the beans frommhethfe ralijdatsgrlame, and the second |aser (3) |ts own

dlver ng , )ed ?H¥# | SEn 1 S
%ldj ust%'thﬁ e | nz"ﬂ?%es%l Q’re)%m olég tllilé]rl- ‘To éﬁl ong_t ren(qab or - harﬁ%lgfg)rhal

COOI’dI nat esase (p) All pantsigies lﬁ?‘%@%l%f?ﬁréﬁlﬁ Faphursdt paryglesmneto 7,

characteri zarddl that the mrrors and beamsplitters (8, 9, 10 - 20)

provided in the path of the beans fromthe first |aser (4) and the second

| aser (3) can be rotated or tilted indepen- dently of the diverging optics.

9. Appar at us .aMetimidras iclainednn dldmils dr t@ldlim 12, characterized in

o0 ol SHRASAI AU VAP Al £ B SRRER PITLRLEE b
(22) al ongofheagh qﬁ(ghe;ﬁdnsqzlq5en§n(Qﬁ0can e shlfted within the ob-
ject plane
(a) by displacing the focus position of at least one light
beam in the first wavelength range in the z direction
15 and/or '
(b) by displacing the objective (21) and/or the object holder
(22) in the 2z direction, _
whereby in case (a) the captured particle is moved out of the
chosen observation plane and in case (b) the captured particle
20 remains in the chosen observation plane.

16. Method as claimed in any one of Claims 12 to 15,
characterized in that when at least two separate light beans
in the first wavelength range are used, rotation of a particle
25 in the optical trap is brought about
(a) by leaving one beam in its starting position and moving
the other beam in the x-y direction, or '
(b) by leaving one beanm in its starting position and moving
the other beam in the z direction, or
30 (c) by moving at least two light beams in opposite directions
or over different distances along the z axis, or
(d) by combinations of the movements according to (a), (k) and

(c).



and in that the site of observation for the beam of the_obser- 20— vatien
|ight 7in the object plane (x-y plane) can be adjusted by displaci ni)‘ t he
M

object holder (22) in an x-y plane within the object pl anﬂ“‘“ﬂ“"m H |Hm

as clainmed in any one of Clainms 1 to 9, 25 characteriz .
path of the beam from each of the first-I2%ers (4) and secdnd® | asers (3) a
beam attenuator (18, 25) is provided, with which the beans in the

‘associ at ed Wavdethagyas aganednihany iRt Elamp ks dio skeps or conti -

nuously, DehahddtiiAE H etk i iFu R R df tHEe gyt f91es wHER
hol der (22). 11., Apparatus as ¢l ainmed in any one %_I Clainms, 1 to 10,
charact er | £5 gt beans | 1ty ihe,SRAON, YARe IR ARG it IPFERERS FHE ( he

| i ght beamdin an ReEarerd wa s ksidbeangey Ppkamd of the et taldde

rel evant obj.egt in obj,ect_ hql der 2) through ] I, 21)
by way of gzggmﬁ?‘#nmﬁ}eoréﬂsﬁvaaqém% fglza- ﬁfgn %pas?iﬁarsg%d; J@Pa&n%ag/ ilﬁﬁé any
one of J apimnk tar Bhnotitew qriane saraXlehdto tik | i ght beans generated by

t he beam generating devices and subsequently treated, deflected and fo-
cused on the relevant_object all_lje in substantial]y the same 5 first

pl ane; in 8at Merhad a8 Haimed Hw)anyk onaief GHains 3 R obtr pl ane (x-y
Dl e o L S o L oat Lo (e g LT qte paoL o), 20540
splitters (7, .8,. 9, o .defl ec e individual i ans_ ar

P ket alEibae aF IR 1dsgi0 Hednst mne, aed 1874, e mATEI S 100 fof ¥he.
pl ane. 13. partdidies U Ydsemibegnd atimmpagriondss mpleell dPS ctasar dreanis,
smal | partiglee$edg) Particular biological particles, in

19. Method as claimed in any one of Claims 13 to 18,

15. characterized in that all the light beams can be directed si-
multaneously onto the relevant object in the object holder
(22), through the same objective (21).

20. Method as claimed in any one of Claims 13 to 19,

20 characterized in that all the light beams for controlling the
manipulation and/or observation can be adjusted in their in-
tensity and/or be turned on and off independently of one
another.



V\/mch the objects in an object holder (22) are fixed in an op- 15 tical
t?ap By means of at least one first |aser (4).that gene- rates |ight beams
in.a first wavel ength range and the objects are observed and/or their
behavior is recorded with observa- tion and recording devices (1, 2, 23),
characterized in that at |east one secon®@d aser (3) is used, 20 whi ch
generates |i ght \BBRARTLE ANBCHEMON ¥ERERUE VARRSOTARIONTT SROREAEAdAN € h
sufficient convergence z EHs BivRELoWOF gm]gsmg{ﬁ@ggsl nrighe region of

t he object holder (22), i1 nphhgtrcuiar BIOLOETEAS, mtrlxemsr st wavel ength
range, the light beans in the second wavel ength range and the beans of 25

the observation |ight can each be adjusted in the object plane (x-y plane)
and fgcusedbstrialet axi al direction (z direction) with separate optical

devi ces, independently of one another; and in that the beans in the first
wavel ength range, the.beans in the second wavel ength range and the beans of
t he observan apparatiusn flomitheamarfigniagiion, tHRedesging mpdfohasyvyatian on

and obser V3l Qe i ITROD] P ek lar iRl RRcl iRl fol der

(22), regardl ess el r, wavel en hod a,s clained in aim ]é
35 char dds&dicsed i A Higst 1p?fr§r| % &ﬁi’t%aé'tfﬁ Ayt hransy in @ Wskach
of the firsaviedepigth( Yame) hhivh fdred fddused Wiklnla fiasit Pptical ado-

(3 by sty R, 0. o0 1 A, e, Ml i PR TP,

x-y directider i(22)heserescttplcomdain theharedyant c:md::(cal)e%nll,nta@ltlon

captured pgrﬁlﬁhﬁ %%u&%%?% @Tdfd} observation light is provided, whereas
observation and recording devices serve to observe particles

15 and record their behavior. A second laser (3) generates light

beams in a second wavelength range, which are focused in order
to manipulate particles in the object holder. The optical de-
vices for the individual light beams can be positioned and fo-
cused independently of oné,another, and at the beginning of

20 manipulation and observation the beams are focused in the same .
object plane of the object holder .independently of their wave-
lengths.

[Figure 1 is suggested for publication]



case (b) all particles except for the captured particle are noved. 15.
Met hod as claimed in Caim13 or C ai NffI&, —Io —charactqrized in that a
pacticle captured in the optical trap |pfTTéReHEBF HARBEEN ¢t | asers (4) can
be shifted within the ob- ject plane ({a)_by HRHCKD ng tihe focus position
of at |east one light beamin the first wavelength rangeé in the z direction
15 and/or (b) by displacing the objective (21) and/or the object

hol der (22) in the z direction, whereby in case (a) the captured particle
is noved out of the chosen observation plane and—in—case (b) the captured

particle 20 remains in the choseﬂrmsl&&métﬂeazﬁﬁﬂaaﬂ?- 16. Method as

clainmed in any one of Cains 12 to 15 d%in that when at | east
two separate |light beanms in the first ,ﬂﬂm
of a particle 25 in the optical tr. about (a) by |eaving one

nge are used,. rotation
beamin its starting position and noving the other beamin the x-y

D

direction, or (b) by leaving Qne beam.in z 0400 Qn_and. novi ng
the other beamin the z di r ‘\N‘@W‘&}X\ t wo
I'i ght bears in opposite dirfgftions ( -{’:\ nces alpphg the z
axi’s, or (d) by conbinatior§| of the Ry RN (), (§ and
(c). - 20 - 17. Method 'q cl ai med e\\'\ 13 to 1 -
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the light beans in the second wavel ength range is carried out

arbitrarily selectable x-y plane of the object hol

- observation plane can be situated in the sanme plan
parallel to it. 18. Method as clained in any one of
characterized in that to fix the particlgs in the
visible or IR | aser beans are used and_far mani pul
| aser beans, in particular pulsed UV | aser beans,
claimed in any one of Clains 13 to 18, 15 chara
| i ght beanms can be directed si- nultaneously onto
t he object holder (22), through

the sane objective (21).

in an
(5 (22) _ and
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claimed in any one of Claims 13 to 19, 20 characterized in that all the
i ght beans for controlling the gag ation and/a atiopn_can be
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