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Description
TECHNICAL FIELD

[0001] The present invention relates to the field of
particle beam velocity shapers, and more specifically
to the field of modifying the velocity profile of particle
beams, such as atomic or molecular beams.

BACKGROUND

[0002] Atomic beam velocities can be manipulated by
lasers via momentum transfer from the laser photons to
the individual atoms in the beam. This type of laser
manipulation is termed Doppler cooling when used to
slow and cool the atoms. This phenomena is character-
ized by the dissipative force or radiation pressure force,
given by

Akl So

Fus = .
" 1+SO+(¥)2

[0003] The ultimate operational objective in using la-
sers to manipulate atomic velocities is to ensure the laser
photons are on resonance with some two-level transition
in the atom. This is done by ensuring that the effective
detuning 4 = 0 in the denominator to maximize the dis-
sipative force. In prior art Zeeman slowers this is
achieved by applying a magnetic field. Further, the prior
art Zeeman slowers use a laser with a fixed frequency,
red-detuned to the resonance frequency of the atomic
transition to account for the Doppler shift, to capture and
slow all atoms with a velocity below a capture velocity.
[0004] Phillips, William D. and Harold J. Metcalf. "Laser
Deceleration of an Atomic Beam." Physical Review Let-
ters 48 (1982): 596-599, OBSERVED deceleration OF
NA ATOMS caused by absorption of counterpropagating
resonant laser light.

[0005] EP1871149A1 discloses a Zeeman slower with
a coil for creating a magnetic field in the longitudinal
direction, where the coil has anincreasing inner diameter
along the longitudinal axis.

[0006] Zeeman slowers with spin-flip magnetic ar-
rangements are also known where the magnetic field
changes direction in the longitudinal direction. This re-
quires optical pumping of the atom beam into opposite
spin states along the slower.

[0007] One of the problems with prior art Zeeman
slowers, is that the efficiency is low, i.e., the intensity of
the output beam is low compared to the intensity of the
input beam. Further, the Zeeman slowers are quite long,
which means that the internal beam losses increases and
that the devices may be more difficult to align and handle
in a system setup.
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SHORT SUMMARY

[0008] A goal of the present invention is to disclose a
method and a system solving the problems related to
prior art.

[0009] Some of the advantages that may be obtained
by the invention are listed below.

[0010] In particular the invention is efficient, in that a
large fraction of the incoming particles are captured and
participate in the produced particle beam.

[0011] The length of the beam velocity shaper device
can be reduced compared to the prior art Zeeman slower.
[0012] The complexity of the magnetic field generator
may be reduced, since there may be no need for spin-flip
of the magnetic field.

[0013] The intensity of the particle beam at the output
ofthe beam velocity shaper device may be increased due
to less internal losses and a higher capture rate.

[0014] The output particle beam has several distinct
and well-defined wavelengths.

[0015] A large part of the particles in the output beam
will have a high velocity while still having a very well-
defined velocity distribution.

[0016] The latter two items may be beneficial for some
applications, e.g., applications making use of particle
diffraction.

[0017] The invention solving the above-mentioned
problems is a particle beam velocity shaper and a method
for shaping particle beams according to the independent
claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018]

Fig. 1 illustrates a cross section of a prior art spin-flip
Zeeman slower where the left-hand circularly (LHC)
polarized light induces o* transitions, until the mag-
netic field becomes negative, wherein it induces o~
transitions. Note that in this design for the prior art
Zeeman slower, an optical pumping region between
the positive and negative magnetic fields has not
been included, which would result in an even longer
slower chamber. The inner coil/chamber diameter is
8 cm, and the coils are typically made of copper wire.
Other types of magnets are also used.

Fig. 2 illustrates an embodiment of the particle beam
velocity shaper 1 according to the invention with
multiple beams of coherent light (21a,21b, ...), in this
case red-shifted lasers that are left-hand circularly
(LHC) polarized to induce o* transitions throughout
the chamber where the magnetic field is always
positive w.r.t. the beam propagation direction. The
inner coil/chamber diameter is 8 cm and the coils of
the magnetic field generator 30 are typically made of
copper wire. The beam velocity shaper device of Fig.
2 is to scale with the prior art slower in Fig. 1.
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Fig. 3a illustrates an embodiment of a laser input
mechanism (50) where a laser deflector 51 is used to
deflect the particle beam b, and hence the beams of
coherent light (21a, 21b,... ) can enter on-axis with
the particle beam b.

Fig. 3b illustrates more details of an embodiment of
the beam input system (40) used in Fig. 2. The
purpose of the beam input system is here to provide
a beam comprising four time multiplexed beams of
coherent light (21a, 21b,... ) with different frequen-
cies. A nanosecond laser 20a with a wavelength of
1083 nm sends pulses on the order of 98 ns / 4 ~ 25
ns (since there are 4 detunings in this case) The 25
ns pulse is then split into four different pulses using
beam splitters (42). Three of the pulses are sent
through delay lines (43) of increasing length. The
delay is 98 ns * (3/4) ~75 ns delay. The upper pulse is
notdelayed. Thefirstdelay line, for the second pulse,
delays the pulse by At = 25 ns, the second delay line
for the third pulse delays the third pulse by 2*At = 50
ns, and the third delay line delays the fourth pulse by
3*At = 75 ns. Since delay lines typically reflect laser
beams between mirrors, the delay lines are here
represented with an increasing number of reflected
laser beams. Each pulse, including the first, non-
delayed pulse is sent through a respective modulator
44 to detune it, and then all four beamlines are
coupled into a beam coupler (44), such as an optical
fibre coupler. The output of the beam coupler en-
sures that all four pulses are sent down the same
beamline, and into the laser input mechanism (50) as
illustrated in Fig. 3a.

Fig. 4 illustrates the magnetic field produced by a
series of coils wrapped around the main chamber
cylinder with a diameter of 8 cm for the beam velocity
shaper device in Fig. 2. The top figure shows in a
graph the target field (solid line, calculated with the
Zeeman slower theory) and the optimized field
(dashed line, produced by coils and calculated with
the Biot-Savart law). The bottom figure shows a
cross section of the top half of a particle beam
velocity shaper with the coil configuration where
each step represents a separate coil with radial
thickness given by coil radius and z-axis depth given
by the step length. The solid line is the top boundary
of the cylindrical chamber. The current density of the
coils is J = 108 A/m2 | meaning this setup requires
active cooling, e.g. water cooling, which the diameter
of 8 cm accounts for.

Fig. 5 illustrates examples of four velocity profiles of
different detunings within the same chamber and
same magnetic field profile. The upper plot in each

B
graph is the velocity profile with detuning 4 , the
detuning the magnetic field is tuned to according to
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the Zeeman slower theory. In this example, to cap-
ture all atoms between 1300 m/s and 700 m/s, the
chamber length must be L>1.9 m for the single-
frequency case, while for the four-frequency case
the chamber length must be L~0.59 m, a reduction in
required length of almost 70%. The dotted vertical
lines visualize the boundary conditions.

Fig. 6 is a numerical simulation of the four-frequency
beam velocity shaper to the lower right in Fig. 5. The
chamber length is setto L=0.587 m, according to the
chamber length L determined analytically, as seenin
Fig. 5. The output beam has four distinct monochro-
matic peaks.

Fig. 7a and 7b shows initial and final velocity dis-
tributions, respectively of the numerical simulation
results seen in Fig. 6 for the four-frequency beam
velocity shaper. The total number of particles is
1000.

Fig. 8a illustrates an incoming velocity distribution
used for comparing the output velocity distribution of
a prior art Zeeman slower in Fig. 8b and a particle
beam velocity shaper in Fig. 8c and 8d. Please note
that the conditions used here are different from the
example with the results presented for Figs. 5 and 6
previously. Specifically, in this example we use a
Gaussian beam where the intensity profile is Gaus-
sian instead of just constant intensity, and we use a
tapered magnetic field as opposed to the ideal mag-
netic field.. It can also be noted from this example
thatthe prior art Zeeman slower is almost three times
longer than the inventive beam velocity shaperunder
realistic conditions. While Fig. 8c illustrates the ve-
locity distribution in the case where multiple laser
beams are directed in the opposite direction of the
particle beam, i.e. slowing the particles, Fig. 8d
illustrates the velocity distribution where multiple
laser beams are directed in the direction of the
particle beam, i.e., speeding up the particles, and
Fig. 8e shows longitudinal particle velocities vs. long-
itudinal particle distance at each simulation for the
speeding example. The vertical line is the end of the
magnetic field.

EMBODIMENTS OF THE INVENTION

[0019] In the following description, various examples
and embodiments of the invention are set forth in order to
provide the skilled person with a more thorough under-
standing of the invention. The specific details described
in the context of the various embodiments and with
reference to the attached drawings are not intended to
be construed as limitations. Rather, the scope of the
invention is defined in the appended claims.

[0020] The embodiments described below are num-
bered. In addition, dependent embodiments defined in
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relation to the numbered embodiments are described.
Unless otherwise specified, any embodiment that can be
combined with one or more numbered embodiments may
also be combined directly with any of the dependent
embodiments of the numbered embodiment(s) referred
to.

[0021] Chamber length and length of magnetic field L
are used interchangeably in this document and should be
seen as the active part of the beam velocity shaperin the
beam direction z, i.e. the region where the magnetic field
B is present and where photons may resonate with
particles in the particle beam. As seen in the upper graph
of Fig. 4 the actual, or optimized field does not match the
target field exactly. For simplicity the chamber length and
the target field have a length L. The active magnetic field
is slightly longer than the length L. This means that even
outside the target area, photons can still resonate with
particles, but the effect is greatly reduced due to the
inhomogeneity of the magnetic field.

[0022] In an independent embodiment ED1-1, the in-
vention is a particle beam velocity shaper (1) for an
incoming particle beam (b) with a beam direction (z),
wherein particle beam velocity shaper (1)comprises;

- amagneticfield generator (30) arranged to provide a
magnetic field (B) in the beam direction (z),

- one or more electromagnetic radiation sources (20a,
20b,...) configured to generate two or more beams of
coherent light (21a, 21b,... ), wherein the beams of
coherent light (21a, 21b,...) coincide at least partly
with the particle beam (b).

[0023] ED1-2. Particle beam velocity shaper (1) of
claim ED1-1, wherein the beams of coherent light
(21a, 21b,...) coincide at least partly with the particle
beam (b) in any cross section of the particle beam (b)
inside the magnetic field (B).

[0024] ED1-3. Particle beam velocity shaper (1) of
ED1-1 or ED1-2, wherein the beams of coherent light
(21a, 21b,...) have corresponding two or more wave-
lengths (A1, A2, ...) that are different from each other.
[0025] ED1-4. Particle beam velocity shaper (1) of any
of ED1-1 to ED1-3, wherein the magnetic field (B) ex-
tends atleastalength (L) in the beam direction (z), where
the length (L) is the distance between an input and output
of a target magnetic field (z0, z1).

[0026] ED1-5. Particle beam velocity shaper (1) of any
of ED1-1 to ED1-4, wherein the magnetic field (b) is
spatially varying in the beam direction (z).

[0027] ED1-6. Particle beam velocity shaper (1) of any
of ED1-1 to ED1-5, wherein the two or more beams of
coherent light (21a, 21b,... ) are configured to transfer
momentum to particles (p) with different velocities in the
particle beam (b).

[0028] ED1-7. Particle beam velocity shaper (1) of any
of ED1-1to ED1-6, configured to induce transitions in the
particles of the same type along the entire length L of the
magnetic field. E.g. only o+ or o- transitions.
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[0029] ED2-1. Particle beam velocity shaper (1) of
ED1-4, wherein an exit velocity (vca) of a first beam of
coherentlight (21a) at the output of the magneticfield (z1)
is equal toainputvelocity (vcb) of a second beam (21b) of
coherent light at the input of the magnetic field (z0).
[0030] ED2-2. Particle beam velocity shaper (1) of
ED2-1, wherein vi+1(z=0) = vi(z1), where vi(z) is the i-
th velocity profile of the i-th beam of coherent light of the
two or more beams of coherent light (21a, 21b,... ).
[0031] ED2-3. Particle beam velocity shaper (1) of
ED2-1, wherein vi-1(z=0) = vi(z1), where vi(z) is the i-
th velocity profile of the i-th beam of coherent light of the
two or more beams of coherent light (21a, 21b,... ).
[0032] The order of i in slowing is opposite to the order
ofiinspeeding. Soifonedirectionis chosenfori=0toi=n,
where n is the number of detunings, and i=0 is the largest
velocity profile, ED2-3 could be used for speeding-up
particles and ED2-2 could be applied for slowing parti-
cles.

[0033] EDS3-1. Particle beam velocity shaper (1) of
ED1-4, wherein each of the one or more beams of co-
herent light (21a, 21b,...) have corresponding velocity
capture ranges (vcra, verb, ...), wherein each of the
velocity ranges are defined as the difference between
the capture velocity at the input of the magnetic field (z0)
and the capture velocity at the output of the magneticfield
(z1) for the respective beam of coherent light (21a,
21b,...). Please see Fig. 5 where an example of velocity
capture ranges (vcra, verb, ...) for each of the beams of
coherent light are illustrated.

[0034] EDS3-2. Particle beam velocity shaper (1) of
ED3-1, wherein a total velocity capture range (vcr) is
defined as the difference between the highest capture
velocity at the input of the magnetic field (z0) and the
lowest capture velocity at the output of the magnetic field
(z1). Please see Fig. 5 where an example of the total
capacity velocity range has been illustrated.

[0035] EDS3-3. Particle beam velocity shaper (1) of
ED3-2, wherein all velocities of the total velocity capture
range (vcr) exist within the velocity capture ranges (vera,
verb, ...).

[0036] ED3-4. The particle beam monochromator of
any of ED3-1 to ED3-3, wherein a majority of the particles
of the velocity distribution falls within the total velocity
capture range vcr.

[0037] EDA4-1. Particle beam velocity shaper (1) of any
of ED1-1 to ED3-3, wherein the magnetic field B de-
creases in the beam direction z and the polarization of
the two or more beams of coherent light (21a, 21b,...) are
LHC polar.

[0038] EDA4-2. Particle beam velocity shaper (1) of any
of ED4-1, wherein particle beam velocity shaper (1) is
configured to induce o+ transitions.

[0039] ED4-3. Particle beam velocity shaper (1) of any
of ED1-1 to ED3-3, wherein the magnetic field B in-
creases in the beam direction z and the polarization of
the two or more beams of coherent light (21a, 21b,...) are
RHC polar.
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[0040] ED4-4. Particle beam velocity shaper (1) of
EDA4-3, wherein particle beam velocity shaper (1) is con-
figured to induce o- transitions.

[0041] EDS5-1. Particle beam velocity shaper (1) of any
of ED1-4 to ED4-4, wherein the particle beam at the
output of the magnetic field (z1) has a velocity distribution
vdo with two or more distinct output monochromatic
peaks.

[0042] EDG6-1. Particle beam velocity shaper (1) of any
of ED1-1 to ED5-2, comprising three or more electro-
magnetic radiation sources (20a, 20b,...) configured to
generate three or more beams of coherent light (21a,
21b,...).

[0043] EDG6-2. Particle beam velocity shaper (1) of
ED6-1, wherein the beams of coherent light (21a,
21b,...) have corresponding three or more wavelengths
(A1, A2, ...) that are different from each other.

[0044] EDG6-3. Particle beam velocity shaper (1) of
ED6-2, wherein the at least three or more wavelengths
(A1, A2, ...) are separated from each other in two equal
steps in terms of wavelength at the input of the magnetic
field (z0) and/or at the output of the magnetic field (z1).
[0045] ED?7-1. Particle beam velocity shaper (1) of any
of ED1-11to ED6-3, wherein the electromagnetic radiation
sources are lasers and the beams of coherent light (21a,
21b,...) are laser beams.

[0046] ED?7-2. Particle beam velocity shaper (1) of any
of ED1-1 to ED6-4, wherein the beams of coherent light
(21a, 21b,...) are circularly polarized.

[0047] ED7-3. The beam velocity shaper of any of
ED1-1 to ED7-2, wherein the direction of the beams of
coherent light (21a, 21b,... ) is opposite the beam direc-
tion (2).

[0048] In this case, each of the two or more beams will
slow the particles over the length of the magnetic field.

[0049] ED7-4. The beam velocity shaper of any of
ED1-1 to ED7-2, wherein the direction of the beams of
coherent light (21a, 21b,... ) is the same as the beam
direction (z).

[0050] In this case, each of the two or more beams will
speed up the particles over the length of the magnetic
field.

[0051] EDB8-1 Particle beam velocity shaper (1) of any
of ED1-1 to ED7-2, comprising a beam input system (40)
configured to feed the two or more beams of coherent
light (21a, 21b,..) into the magnetic field (B).

[0052] ED8-2 Particle beam velocity shaper (1) of
ED8-1, wherein the beam input system (40) is configured
to pulse the two or more beams of coherent light (21a,
21b, ... ) sequentially into the magnetic field (B).

[0053] EDS8-3 Particle beam velocity shaper (1) of
ED8-1 or ED8-2, wherein the beam input system com-
prises a modulator (41a, 41b,...) for each of the two or
more beams of coherent light (21a, 21b,...), wherein the
modulators are configured for detuning the two or more
beams.

[0054] EDB8-4 Particle beam velocity shaper (1) of any
of ED8-1 to ED8-3, comprising a beam coupler (44)
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configured to multiplex the two or more beams into a
multiplexed beam.

[0055] ED8-4 Particle beam velocity shaper (1) of
ED8-3 or ED8-4, wherein a pulse time is equal to or
smaller than the lifetime of the resonant transition of
the particles in the particle beam divided by the number
of beams of coherent light (21a, 21b,...).

[0056] EDB8-5 Particle beam velocity shaper (1) of any
of ED8-1 to ED-5, wherein the beam input system (40)
does not block the particle beam (b).

[0057] EDB8-6 Particle beam velocity shaper (1) of any
of ED8-1 to ED8-5, comprising an input mechanism (50),
comprising a laser deflector configured to deflect the
particle beam (b). This will allow the multiplexed beam
to be directly fed into the chamber of the beam velocity
shaper (1).

[0058] In an independent embodiment EM1-1, the in-
vention is a method for shaping the velocity of an incom-
ing particle beam (b) with a beam direction (z), compris-

ing;

- providing a magnetic field (B) in the beam direction
(@),

- generate two or more beams of coherent light (21a,
21b,... ), wherein the beams of coherent light (21a,
21b,...) coincide at least partly with the particle beam

(b).

[0059] EM1-2 The method of EM1-1, comprising fea-
tures of any of ED1-1 to ED8-5.

[0060] The velocity profiles, detunings, and chamber
length necessary to capture atoms between velocities
Vstart aNd Vg, With n different detunings are given in the
following equations for slowing the particles.

[0061] The ith velocity profile (with i=1,2,...,n) asso-
ciated with detuning Ai, together ensuring that A=0
throughout the chamber for the respective velocity range,
is given by

B B
_ AL - Ai + kz UB(Z)
vi(z) =
ki
AB . . e
where “'L isthe detuning the magneticfield is tailored to,

B — B

ky =k, + 41 /c is the effective wavenumber asso-
B

ciated to a7 , k, is the wavenumber of the non-detuned

laser (assuming the laser is perfectly parallel/ antiparallel

to the z axis), v4(z) = vg(2) is the velocity profile asso-

ciated with detuning

A= v,(2) Svp(2) = yvi — 20z v, the cap-

ture velocity of the magnetic field (not the actual capture
velocity), and k; = k, + A/c is the effective wavenumber
associated to 4;. The above reduces to vg(z) when i =1

— AB
since 4, =41 . Note that the parameters of the mag-
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netic field are not physical, but rather numbers to define
the ideal magnetic field profile. The detuning 4;is given by

_ AE + kgvstart - kzvi(o)
B v;(0)
1 +———7;——

i

_ VUstart—Vend

where v{0) = Vg - (i - 1)4v and o
Finally, the chamber length L is given by

. sztaTtAU - AUZ
B 2a

Where a=(sg/[1+ Sg]) * @,ax So = I/ is the on-resonance
saturation parameter (effectively the laser intensity) and
where Iy is the saturation intensity of the transition and
Rk I
Uax = om . . .
is the maximum possible acceleration
resulting from the dissipative force. 7" is the lifetime of
the two-level transition and m is the mass of the atom.
[0062] These equations can be found by using the
boundary conditions v;,4(0) = v{(L) for j=1,2,...,n-1, v,
(0) = Vgtart » @nd v, (L) = Vg
[0063] The following exampleis generally applicable to
all atom beams and most molecular beams.
[0064] Consider a beam of metastable helium-4 (from
now on simply helium) in metastable state 23S, with a
mean longitudinal (atom beam axis/z axis) velocity of
1000 m/s and a full width at half maximum (FWHM) of
400 m/s, with the longitudinal velocity being Gaussian
distributed. The slowing transition in metastable helium
accessed by lasers is 238, — 23P, with AJ=1. The
transition wavelength is 1083 nm. In the presence of
an applied magnetic field, the magnetic transition ac-
cessed is MJ=1—-MJ=2 in the case of a + slower, and
MJ=-1—-MJ=-2 in the case of a c- slower. For a spin-flip
Zeeman slower, which is the standard prior art slower
used for metastable helium, the initial transition is
M3=1—->MJ=2 when the magnetic field is positive and
MJ=-1—-MJ=-2 when the magnetic field is negative. Note
that u' = (9o,M, - g4M,,)ug = pg in the case of |J,MJ ):|
1,1)—>12,2) and 23S, — 23P, (g1=2, g2=3/2), and in the
case of |1,1)—|2,2) this is negative.
[0065] Now comparing a prior art Zeeman slower with
the beam velocity shaper. The aim in this example for the
prior art Zeeman slower is to slow as many atoms as
possible to 660 m/s, which with a capture velocity of 1340
m/s, should capture = 95% of the atoms (two standard
deviations of the original Gaussian distribution).
[0066] A Gaussian laser intensity profile and a tapered
magnetic field profile have been applied to the simula-
tions used to produce the results of this example. This
means that the simulations mirror reality more closely,
and that the efficiency of the beam velocity shaper is also
decreased. Despite this, the beam velocity shaper still

]
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shows great advantages over the prior art Zeeman
slower.
[0067]
are:

The parameters shared between both devices

Frequency of the laser: 1083 nm corresponding to
the 23S, — 23P,transition in helium-4, but as men-
tioned, this is easily generalisable. The absolute
laser frequency does not matter, only the detuning
(the offset of the laser frequency w.r.t. the 23S, —
23P, resonance frequency) and the |J,MJ) values
matter;

- Initial magnetic field: B(z = 0) = 35 mT;

- Laserintensity: s = 3 corresponding to an intensity
of 1 =3Iy = 3(fick3r/12x) = 3(0.17 mW/cm2) = 0.51
mW/cm?2;

- Laserintensity distribution (intensity vs. space in the
transverse plane): Gaussian;

- Laser intensity FWHM (of Gaussian): 5 cm;

- Laser transition linewidth: ~ 10.2 MHz.

[0068] The prior art Zeeman slower has the following
parameters:

- Chamber length: L=2 m (theory suggests L=1.93 m
for ideal case);

- Capture velocity: v, = 1340 m/s;

- Laser detuning: AL=-748 MHz. This is the detuning
which is required from the magnetic field

B(z) =B, + B, /1—%2

RAL R

o e

with
ALUC

BO = A 7 (kzvc + )
(g;mdup c

if B(z=0) =35 mTand the capture velocity is setto v,
= 1340 m/s.

[0069] The beam velocity shaper device has the fol-
lowing parameters (note that the intensity between the
beam velocity shaper and the prior art slower is constant,
four detunings does not mean quadrupled intensities):

- Chamber length: L = 0.7 m (theory suggests L =
0.61m for ideal case);

- Capture velocities: vc = 1340 m/s, 1170 m/s, 1000
m/s, 830 m/s;

- Laser detunings (ordered w.r.t. capture velocities):
AL = -748 MHz, -591 MHz, - 434 MHz, -277 MHz.
Again the first detuning is the detuning required by
the magnetic field profile B(z) with B(z = 0) =35 mT
and v, = 1340 m. The rest of the detunings are
determined from the theory above.

[0070] Theresults ofthe beam velocity shaperinFig. 9,
will now be compared to the results of the prior art Zee-
man slower in Fig. 8, according to the parameters given
above.
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[0071] The number of particles which are collimated
with the prior art Zeeman slower is hard to estimate, as
the two relatively clear peaks are still surrounded by a
large number of particles in velocity space. However,
even when approximating the two peaks to be well de-
450

fined, only 10000 0 of the particles are slowed
and have a well-defined velocity distribution. The full
width at half maximum (FWHM) of the peak at -785
m/s is around 6 m/s. This width is determined by setting
the bin number equal to the number of particles.

[0072] What is interesting to note is that the prior art
Zeeman slower does not reach the end target velocity of
660 m/s. Given an initial magnetic field of B(z=0)=35 mT,
a capture velocity of ve=1340 m/s, a detuning of 4, =-748
MHz and a chamber length of L=1.93 m, the ideal theo-
retical case gives ~660 m/s as a final velocity. Seeing as
this chamber is larger by a few centimetres, this should be
smaller. In fact, the peak predicted by theory can be seen
a t-625 m/s. However, the largest peak at -785 m/s, is a
result of atoms going off-resonance with the laser, due to
a combination of their high longitudinal velocities and an
increasingly sharper magnetic field gradient.

[0073] The beam velocity shaper case, despite the
realistic constraints (a Gaussian beam and a tapered
magnetic field), performs considerably better than the

7500

~ = 00
10000

= 0,

standard slower. Around ofthebeamis
slowed into well-defined peaks. From left to right, the
peaks have FWHMSs of around 3 m/s, 3 m/s, and 1.5 m/s.
[0074] In the example above, the laser beams are
counter propagating with regards to the particle beam
(b). In this embodiment the particles will have a decreas-
ing velocity through the through the chamberas seene.g.
in Fig. 5. However, in another embodiment the laser
beams can be arranged in the direction of the particle
beam. In this case the particles velocity will increase
through the chamber and the curves in Fig. 5 would slope
upwards instead of downwards. Fig. 8d illustrates the
output velocity distribution for this case. The same peaks
are present, but this time their longitudinal velocity has
shifted upwards, with a shift corresponding to about two
times the velocity capture range (vcra, verb,....) of one of
the velocity profiles in the length L of the magnetic field B.
The parameters are mostly identical to the counter pro-
pagating beam velocity shaper with the exception of:

- Capture velocity and detuning of magnetic field:
1500 m/s, -896 MHz (high capture velocity and mag-
netic field detuning to increase capture efficiency);

- Actual laser detunings: 1100 MHz, 1257 MHz, 1414
MHz, 1571 MHz, all blue detuned/ positively de-
tuned. In this embodiment, the laser input mechan-
ism 50 and the beam input system 40 would be
arranged before the particle beam enters the cham-
ber.
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[0075] In the exemplary embodiments, various fea-
tures and details are shown in combination. The fact that
several features are described with respect to a particular
example should not be construed as implying that those
features by necessity have to be included together in all
embodiments of the invention. Conversely, features that
are described with reference to different embodiments
should not be construed as mutually exclusive. As those
with skill in the art will readily understand, embodiments
that incorporate any subset of features described herein
and that are not expressly interdependent have been
contemplated by the inventor and are part of the intended
disclosure. However, explicit description of all such em-
bodiments would not contribute to the understanding of
the principles of the invention, and consequently some
permutations of features have been omitted for the sake
of simplicity or brevity.

Claims

1. A particle beam velocity shaper (1) for an incoming
particle beam (b) with a beam direction (z), wherein
particle beam velocity shaper (1)comprises;

- a magnetic field generator (30) arranged to
provide a magnetic field (B) in the beam direc-
tion (z),

- one or more electromagnetic radiation sources
(20a, 20b,...) configured to generate two or more
beams of coherent light (21a, 21b,... ), wherein
the beams of coherent light (21a, 21b,...) coin-
cide at least partly with the particle beam (b).

2. The particle beam velocity shaper (1) of claim 1,
wherein the beams of coherent light (21a, 21b,...)
coincide at least partly with the particle beam (b) in
any cross section of the particle beam (b) inside the
magnetic field (B).

3. The particle beam velocity shaper (1) of claim 1 or 2,
wherein the beams of coherent light (21a, 21b,...)
have corresponding two or more wavelengths (A1,
A2, ...) that are different from each other.

4. The particle beam velocity shaper (1) of any of claims
1to 3, wherein the magnetic field (B) extends at least
a length (L) in the beam direction (z), where the
length (L) is the distance between an input and out-
put of a target magnetic field (z0, z1).

5. The particle beam velocity shaper (1) of claim 4,
wherein an exit velocity (vca) of a first beam of
coherent light (21a) at the output of the magnetic
field (z1) is equal to a input velocity (vcb) of a second
beam (21b) of coherent light at the input of the
magnetic field (z0).
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The particle beam velocity shaper (1) of claim 5,
wherein each of the one or more beams of coherent
light (21a, 21b,...) have corresponding velocity cap-
ture ranges (vcra, verb, ...), wherein each of the
velocity ranges are defined as the difference be-
tween the capture velocity at the input of the mag-
netic field (z0) and the capture velocity at the output
of the magnetic field (z1) for the respective beam of
coherent light (21a, 21b,...).

The particle beam velocity shaper (1) of claim 6,
wherein a total velocity capture range (vcr) is defined
as the difference between the highest capture velo-
city at the input of the magnetic field (z0) and the
lowest capture velocity at the output of the magnetic
field (z1).

The particle beam velocity shaper (1) of claim 7,
wherein all velocities of the total velocity capture
range (vcr) exist within the velocity capture ranges
(vera, verb, ...).

The particle beam monochromator of any of claim 6
to 8, wherein a majority of the particles of the velocity
distribution falls within the total velocity capture
range vcr.

The particle beam velocity shaper (1) of any of claim
6 to 9, wherein the magnetic field B decreases in the
beam direction z and the polarization of the two or
more beams of coherent light (21a, 21b,...) are LHC
polar, or wherein the magnetic field Bincreasesin the
beam direction z and the polarization of the two or
more beams of coherent light (21a, 21b,...) are RHC
polar.

The particle beam velocity shaper (1) of claims 1 to
10, wherein the particle beam at the output of the
magnetic field (z1) has a velocity distribution with two
or more distinct output monochromatic peaks.

The particle beam velocity shaper (1) of any of claims
1 to 11, comprising three or more electromagnetic
radiation sources (20a, 20b,...) configured to gener-
ate three or more beams of coherent light (21a,
21b,...), wherein the at least three wavelengths
(M, A2, ...) are separated from each other in two
equal steps in terms of wavelength at the input of the
magnetic field (z0) and/or at the output of the mag-
netic field (z1).

The particle beam velocity shaper of any of ED1-1 to
ED7-2, wherein the direction of the beams of coher-
entlight (21a, 21b,... ) is opposite the beam direction
(z), or wherein the direction of the beams of coherent
light (21a, 21b,... ) is the same as the beam direction

(2).
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14. A method for shaping an incoming particle beam (b)

with a beam direction (z), comprising;

- providing a magnetic field (B) in the beam
direction (z),

- generate two or more beams of coherent light
(21a, 21b,... ) and feed them into the magnetic
field, wherein the beams of coherent light (21a,
21b,...) coincide at least partly with the particle
beam (b).

15. The method of claim 14, comprising features of any

of any of claims 1 to 13.
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