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Volume zone plates consisting of a number of Fresnel zone plate layers are designed and fabricated inside a
fused silica by the femtosecond laser direct writing method. Light diffracted from different layers of a volume
zone plate constructively interfere at the focal spot to increase diffraction efficiency. The technique is experi-
mentally verified to be effective for both low-numerical-aperture (NA) and high-NA zone plates, resulting in a
significant increase in overall diffraction efficiency. The spatial resolution of a high NA volume zone plate is
500 nm. © 2007 Optical Society of America
OCIS codes: 320.7110, 050.1970, 130.3120, 160.2750.
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. INTRODUCTION
ecently, the use of femtosecond laser direct writing to
roduce optical devices inside transparent materials has
een growing considerably. Tightly focused femtosecond
aser pulses can induce nonlinear absorption within the
ocal volume and permanently modify the index of refrac-
ion of the material [1,2]. Although the mechanism re-
ponsible for refractive index increase by ultrashort laser
ulses is not fully understood, researchers have fabri-
ated various optical devices inside transparent materials
ith this direct writing method. These devices include
aveguides [2,3], gratings [4], and diffractive optical ele-
ents (DOEs) [5–7].
In recent years, the development of fabrication tech-

iques for DOEs has accelerated because DOEs can per-
orm many optical functions such as lenses, gratings, op-
ical signal processors, beam splitters, and wavelength
de)multiplexers. Fabrication of DOEs requires high-
esolution techniques such as lithography. Femtosecond
aser direct writing offers advantages as compared to
ther techniques such as volume writing, precision,
peed, simplicity, and flexibility. In particular, this
ethod of fabrication can be applied for 3D or volume
OEs without difficulties in mask changing or mask
lignment.
A simple form of DOE is the Fresnel zone plate. The
ost attractive features of Fresnel zone plates are their

ompactness and capability for high resolution while
aintaining high efficiency. In the absence of losses and

bsorptions, an ideal diffractive zone plate can offer 100%
iffraction efficiency provided that the zone plate cor-
ectly modulates phase. In practice, a quantized zone
late is used as an approximation of the perfect diffrac-
ive lens and its efficiency ranges from 10% to almost
00% depending on the number of quantization levels. A
igher number of phase quantization levels provides
igher efficiency, yet increases complication in fabrica-
0740-3224/07/092090-7/$15.00 © 2
ion. A two-level Fresnel zone plate having a focal length f
s constructed with a series of concentric zones whose ra-
ii are defined by [8]

rn =�n�f + �n�

2 �2

� �n�f, �1�

here the integer n indicates the nth Fresnel zone and �
s the operating wavelength. The working principle of the
resnel zone plate relies on the fact that the diffraction of

ight from alternating zones interferes constructively at
he designed focal point. It is required that the alternat-
ng zones have different transmission properties (i.e., re-
ractive index), and the incident light is monochromatic.

Compared to other fabrication methods, the laser direct
riting technique has the advantage of ease of fabrication
f such a high-efficiency zone plate, eliminating complica-
ions in multistep processes. Studies of direct laser fabri-
ation of Fresnel zone plates inside fused silica have been
eported for both amplitude-type zone plates [5] by utiliz-
ng scattering damage and phase-type [6] zone plates by
efractive index change induced by femtosecond laser
ulses. However, all the previously studied zone plates
uffered from low diffraction efficiency because of effects
uch as scattering from damaged regions, phase shift er-
ors due to nonuniform index change inside fused silica,
nd planar fabrication. Attempts to fabricate multilevel
hase zone plates by stacking of the index change fila-
ents were also reported, yet had difficulty eliminating

he phase shift errors due to fabrication [7]. The draw-
ack of femtosecond laser direct writing is the low refrac-
ive index contrast, which is insufficient to create a single
igh-efficiency phase zone plate. Recently, we presented a
ew approach of fabricating a number of Fresnel zone
lates or modified Fresnel zone plates within a volume,
hich we called volume zone plates, to achieve high dif-

raction efficiency [9]. By using a series of zone plates, ef-
007 Optical Society of America
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ciency is improved significantly, and this method is flex-
ble with different laser writing conditions regardless of
he individual diffraction efficiency. In that work, we fab-
icated volume zone plates and showed significant in-
reases in diffraction efficiency for both amplitude-type
nd phase-type [9]. The highest efficiency of 59.1% was
eported for a phase volume zone plate. According to the
esign, each volume Fresnel zone plate operates as a
ingle diffractive optical element with a much higher dif-
raction efficiency than a single zone plate.

In this paper, we focus on phase-type volume zone
lates because of their higher efficiency, and our method
s further improved by controlling the filament length for
niform zone plate thicknesses and also considering the
ffects of aberrations. We also characterized the refractive
ndex changes in the material using different fabrication
arameters to correctly determine the phase shift. In ad-
ition, fabrication of high numerical aperture (NA) vol-
me zone plates is investigated because they are highly
emanding in microimaging applications. The results in-
icate that our volume zone plate method is highly effec-
ive for laser direct writing, improving the diffraction ef-
ciencies up to 71.5% and 7.1% for low NA and high NA
one plates, respectively. Our high NA volume zone plate
as a resolving resolution on the order of 0.5 �m. The rest
f the paper is organized as follows. In Section 2, we de-
cribe the concept and design of the volume modified
resnel zone plate. The fabrication processes are de-
cribed in Section 3 in which low NA and high NA Fresnel
one plates are discussed separately because they rely on
ifferent fabrication approaches. Discussion of results
nd conclusions are given in Sections 4 and 5, respec-
ively.

. DESIGN OF A VOLUME FRESNEL ZONE
LATE
he concept of a volume Fresnel zone plate is based on
he principle that diffracted light from many Fresnel zone
lates can be effectively coupled together to enhance the
ntensity at the focal spot. An incident plane wave was
onsidered for our design. A volume Fresnel zone plate
onsists of a number of layers of modified zone plates cen-
ered on the same optical axis. According to the concept, a
olume modified zone plate should satisfy two conditions:
ocal point matching and phase matching. First, each
resnel zone plate inside a volume has to be designed spe-
ifically according to its relative location so that all the
one plates focus light exactly at the same focal point. In
ddition, the diffracted light from all the zone plates must
e “in phase,” while the phase at the focal point can be
hosen arbitrarily. In other words, the phase shifts pro-
uced by every zone plate are the same at the focal point
o that the diffracted light from all the zone plates con-
tructively interferes at the focal point.

Equation (1) is valid only when a Fresnel zone plate dif-
racts light in a medium of constant index of refraction.
or our case, the volume zone plate operated inside a
lass substrate whereas the focal point is in air. There-
ore, we also took into account the phase shift by the re-
ractive index of the glass and the refraction of light at
he air-glass interface. The phase shift due to wave propa-
ation in a homogeneous medium can be calculated by
10] �=2�nt /�, where n is the index of refraction of the
edium, and t is the propagation distance. In Fig. 1, the

olume zone plate contains two layers of modified Fresnel
one plates and optical path length in air and glass are
hown.

In the design process, the number of layers in a volume
nd the spacing between zone plates need to be initially
hosen. The spacing between zones is arbitrary but must
e greater than the thickness of a zone plate to avoid
verlapping of zone plates. Then, the radii of zone plates
re generated by applying Eq. (1) with adjusted focal
ength, fi, according to the axial distance from the focal
oint. The total optical path length was calculated by add-
ng the traveling distance in air and glass, considering
nell’s angle of refraction. Iteratively, the radii of the
ones in each Fresnel zone plate are slightly adjusted to
atisfy the phase matching requirement. For example,
wo zone boundaries (r1 and r2), shown in Fig. 1, are ad-
usted during the design by using Eqs. (2) and (3) below,
uch that their phase remainders are equal �b1=b2� at
he end of the numerical iterations:

�1 = �air,1 + �glass,1 =
2�

�
�tair,1 + nglass,1tglass,1� = 2�m1 + b1,

�2�

�2 = �air,2 + �glass,2 =
2�

�
�tair,2 + nglass,2tglass,2� = 2�m2 + b2.

�3�

nce all the modified zones have the same phase shift at
he focal point, the volume modified Fresnel zone plate
eaches the highest diffraction efficiency.

For ease of fabrication with minimum phase errors, an-
ther modification of the Fresnel zone plate is to fabricate
he central rings only instead of full zones [9]. In this
odification, each complete zonewidth is replaced by a

ingle central ring in the middle of the zone, as shown in
ig. 2. With this approach, several advantages are
chieved. Implementation time is greatly reduced. Since
he central circle of each ring corresponds to the exact
hase desired, the method is robust against small imple-

ig. 1. Geometry used in phase computation for volume modi-
ed zone plate.
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entation errors [11]. Hence, the advantages of central
ings replacing full zones are especially amplified in the
mplementation of volume zone plates. In addition, the
ull zone is not suitable for line by line scanning because
he refractive index change is not uniform within the ir-
adiated region such that it is difficult to create a uniform
ndex change across the full zone. Although the individual
iffraction efficiency of the central-ring zone plate de-
reases, the overall efficiency of the volume zone plate
ill increase because the central rings minimize the in-

erfering effect of different zone plates [9]. The full zone is
ot suitable for volume diffraction because the strong in-
eraction of each zone plate causes light to diffract mul-
iple times and focus at different spots.

According to the above concept and modifications, the
olume zone plate should coherently focus light at the
ingle spot with minimum phase mismatching. By assum-
ng each zone plate has low efficiency, the light diffracted
rom each modified Fresnel zone plate could be considered
o be a small percentage of the total beam. The rest of the
ain beam transmits and is diffracted by the next layers.
s the number of layers increases, the coherent interac-

ion between the zone plates allows the diffraction effi-
iency to increase. Nevertheless, when the number of lay-
rs increases beyond a certain number, other effects such
s phase shift error and fabrication error could accumu-
ate and eventually diminish the diffraction efficiency of
he volume zone plate.

. EXPERIMENTS
n the experiments, a fused silica sample optically pol-
shed on all surfaces was fixed on a computer-controlled
–y–z air bearing stage that has a translational accuracy
f 200 nm. The sample was irradiated by 90 fs pulses de-
ivered by a Ti:sapphire amplified laser system at a cen-
ral wavelength of 800 nm and 1 kHz repetition rate. The
aser beam was attenuated before being focused inside
he bulk of fused silica. An electronic shutter was con-
ected to the computer controller, allowing the laser ex-
osure and the stage movement to be synchronized. The
abrication process was monitored in real time via a CCD
amera imaging on a TV screen.

In femtosecond laser direct writing, both the change in
ndex of refraction and the shape of the filament where
hange of index of refraction occurs are sensitive to laser
rocessing parameters such as laser frequency, pulse en-

ig. 2. (a) “Full” Fresnel zone plate showing central rings in the
iddle of each zone. (b) Modified zone plate with central rings

thickness determined by laser writing).
rgy, scanning speed, focusing conditions, and focusing
epth from the surface. For volume Fresnel zone plate
abrication, the processing parameters need to be ad-
usted when fabricating different layers because the fo-
using depth has influence on the change in the index of
efraction caused by spherical aberration. The confocal
istance is a function of self-focusing and spherical aber-
ation. As reported by Sun et al. [12], the spherical aber-
ation induced by air-glass interface extends the focal re-
ion toward the laser propagating direction. For deep
ocusing, this interface spherical aberration significantly
ncreases the length and distorts the shape of the fila-

ent induced by femtosecond laser pulses. At the same
aser writing condition, we experimentally found that the
ength of region with index change was relatively longer
t the deeper position from the surface depending on the
ocusing condition. For example, using a 5� objective lens
NA=0.15�, the filament length was 100 �m at 0.5 mm be-
ow the surface compared to the filament length of
50 �m at 2 mm below the surface. This discrepancy in
ength was undesirable for the volume zone plate because
e need consistent thickness of each zone plate to deter-
ine the influence of the number of layers used in the vol-
me zone plate. To obtain a constant filament length for
ll layers, we applied a different laser energy for a differ-
nt depth of fabrication. The laser energy and writing
onditions required for a specific depth were experimen-
ally predetermined for the above reasons.

In what follows, we will first describe characterization
f the change in index of refraction caused by different la-
er parameters. Since low and high NA zone plates are
abricated using different methods, they will be described
eparately in Subsections 3.A and 3.B.

. Measurement of Refractive Index Change
he 5� and 100� objective lenses were used to fabricate

ow and high NA volume zone plates, respectively. An es-
imation of refractive index changes due to femtosecond
ulses focused by 5� and 100� lenses were necessary to
orrectly predict the phase shift by fabricated volume
one plates. Usually, the refractive index change due to
emtosecond laser pulses is not uniform along the fila-
ent length, and it is difficult to measure such a small

ndex change directly. However, the amount of refractive
ndex change can be estimated by fabrication of gratings
nd measuring their diffraction efficiencies. Based on a
ogelnik’s coupled wave theory [13], the index change can
e estimated by

�n =
� cos �B

�t
sin−1 �n, �4�

here �B is the Bragg incident angle, t is the thickness of
he grating (filament length), and � is the first-order dif-
raction efficiency. According to Solymar and Crook [14],
he coupled wave theory by Kogelnik offers good accuracy
hen dealing with thick grating �Q	10�. In our case, the

ow NA volume zone plates were fabricated with much
onger index filament than that of the high NA volume
one plates. The index filament lengths were 120 and
�m for low and high NA, respectively. Therefore, the

orresponding fabricated gratings give the value for Q
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65 for low NA volume zone plates and Q=11 for high NA
olume zone plates. The grating pitches were 5 and 2 �m
or respective low and high NA volume zone plates, and
he efficiencies of gratings were measured with He–Ne
aser �632.8 nm�. As a result, it is valid to estimate the re-
ractive index increase by using the coupled wave theory.

We fabricated phase gratings inside fused silica using
he same conditions as with the volume zone plates. The
iffraction efficiencies of gratings were measured at the
e–Ne laser wavelength �632.8 nm�. The estimation of

he refractive index increases were 0.16�10−3 for the la-
er processing conditions used for fabricating low NA vol-
me zone plates and 1.8�10−3 for the laser processing
onditions used for fabricating high NA volume zone
lates.

. Low-Numerical-Aperture Volume Zone Plates
hase-type volume Fresnel zone plates with a focal length
f 20 mm and a diameter of 0.8 mm �NA=0.02� were fab-
icated. Each layer of Fresnel zone plate consisted of 20
ones (10 central rings). First, we characterized a single
ayer phase zone plate and found that the pulse energy of
0–15 �J and 10 �m/s laser scanning speed were the op-
imum conditions for generating a phase zone plate when
sing a 5� objective lens �NA=0.15�. At 0.5 mm below the
urface, the change of the index of refraction caused by
ach pulse was elongated over a length, which is deter-
ined by the Rayleigh range, resulting in a 120 �m long

lament of refractive index change. The filament lengths
ere predetermined for the specific pulse energies and
epths of fabrication from the silica surface. Single layer
one plates were fabricated using central rings instead of
full zones” as discussed previously to reduce the fabrica-
ion time. The width of each ring depended on laser writ-
ng conditions: focusing lens and depth of fabrication. Us-
ng a 5� objective lens, the linewidth of the refractive
ndex change was �3 �m. With this approach, the fabri-
ation time of a modified phase zone plate was 40 min.

According to our estimation of index increase, the
hase shift of He–Ne laser passing through a single layer
one plate was 0.08�. Thus, the combination of refractive
ndex change and the filament length of single layer zone
late were not enough to achieve a � phase shift, which is
equired for a phase reversal zone plate to achieve high
iffraction efficiency. Further increase in phase shift can
e obtained by either increasing the refractive index
hange or extending the filament length. Here, we use the
olume zone plate method as an alternative to increase
he diffraction efficiency.

The volume zone plates were fabricated layer by layer
tarting with the deepest layer from the surface facing
he laser. Each layer was carefully placed according to the
esign equations to assure that all the layers would
ouple light together at the focus with constructive inter-
erence. The deeper layers were fabricated with less en-
rgy to maintain a constant thickness of each zone plate.
he separation distance between the layers was approxi-
ately 200 �m, namely, about twice the thickness of each

one plate, and the zone plate closest to the surface was
abricated at 500 �m beneath the silica surface. The low
A volume zone plates containing up to ten layers of
resnel zone plates were fabricated to determine their fo-
using performance.

. High-Numerical-Aperture Volume Zone Plates
e also fabricated high NA volume zone plates that can

iffract light at a large converging angle at a short focal
ength. A Fresnel zone plate with high NA offers a high-
esolution focal spot, and it has potential in various opti-
al applications. For such a short focal length zone plate,
he Fresnel zones (rings) are densely spaced, and there-
ore high-resolution fabrication is needed. The closest
eparation distance between the adjacent zones becomes
maller as the diameter of the zone plate increases ac-
ording to Eq. (1). Theoretically, the resolution of a high
A Fresnel zone plate is determined by the smallest zone
idth that can be produced by the fabrication method.
he resolution limit is given by [15] d=0.61� /NA
1.22�rN where �rN is the width of the outermost zone.

n addition, aberrations such as spherical aberration be-
ome noticeable with the high NA Fresnel zone plate
hen the number of zones (transparent and opaque) are

arger than N=�2f /� [15]. Therefore, our high NA zone
lates could be affected by spherical aberration.
The fabrication parameters were determined experi-
entally to achieve the smallest linewidth of refractive

ndex change inside fused silica. This linewidth deter-
ined our limit in fabrication resolution. The linewidth of
1 �m could be produced using a 100� objective lens

NA=0.80�, a laser scanning speed of 10 �m/s and a pulse
nergy of 0.1 �J. First, we fabricated single layer Fresnel
one plates having NA ranging from 0.66 to 0.91 and a fo-
al length of 60–130 �m. The diameters of these high NA
one plates were approximately 100 �m. The designs of
ll the high NA zone plates were limited by 1 �m mini-
um zone separation distance at the outermost zones.
imilar to the low NA case, we fabricated zone plates with
entral-ring zones instead of full zones. Central zones
ere also more crucial in this case to minimize phase er-

ors because the zones were much narrower in high NA
one plates, and writing a full zone with an exact width
as extremely difficult. Central-ring high NA zone plates

ontained 50–90 rings depending on their designed NA.
he fabrication time for each high NA zone plate was
0–60 min.

ig. 3. Diffraction efficiency as a function of the number of
odified phase zone plates in a volume.
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For a high NA volume zone plate, the spacing between
ayers had to be as close as possible because a small
hange in focal length causes the NA number to decrease
ignificantly. The NA number of the volume zone plate
as defined by using the longest focal length of the gen-
rated zone plates. Volume zone plates with NA=0.84
ere fabricated up to five layers to observe an increase in
iffraction efficiency.

. RESULTS AND DISCUSSION
. Low-Numerical-Aperture Zone Plates
he fabricated volume Fresnel zone plates were tested for
heir diffraction efficiencies using a He–Ne laser at a
avelength of 632.8 nm. The method for measuring the
iffraction efficiency has been described previously [9].
ur single layer phase zone plates had an efficiency of
.3%. As expected, this low efficiency was due to the small
hange of the index of refraction that was insufficient to
nduce a � phase shift. By adding more layers to build a
olume phase zone plate, the highest efficiency of a vol-
me zone plate with central rings was improved to 71.5%
ith eight layers of phase zone plates. This efficiency was
igher than the previously published result [9] even
hough the number of layers was the same because of a
etter control of filament length and index increase. Fig-
re 3 shows the measured efficiencies of volume Fresnel

ig. 4. Focal spots of low NA volume phase zone plates with
entral rings.

ig. 5. Diffraction efficiency of single layer zone plate �NA
0.66–0.91�.
one plates as a function of the number of layers of zone
lates. This result implied that the volume method was
ore effective than simply stacking the zone plates to

chieve the � phase shift because the efficiency exceeded
he maximum possible of 40% by a phase-reversal zone
late. The increase in diffraction efficiency of the volume
one plate can be explained in terms of coherent addition
f light from different zone plates [8]. For example, the in-
ensity due to two zone plates can be written as I=I1+I2

2�I1I2 cos 
 where 
 is the phase shift between the two.
n our case, we specified zero phase shift so that dif-
racted intensity is as large as possible. However, the dif-
raction efficiency could not be simply predicted by only
he coherent addition of beams because there are other ef-
ects involved, such as multiple diffractions from one
ayer to the next layers, which required a rigorous analy-
is.

Without a model simulation, it is hard to confirm that
he possible maximum efficiency is 71.5%. The coherent
ddition of diffracted waves allows the volume zone plates
o achieve relatively high efficiencies compared to binary
one plates. These volume zone plates can be further op-
imized by changing the laser scanning speed to fabricate

zone plate with different efficiency at each layer. The
aximum efficiency is believed to be a function of such

rocessing. The imperfection in manufacturing also
auses a decrease in efficiency, which is hard to estimate
n the simulation. Further investigation requires more
areful study of refractive index change and numerical
imulation of light diffraction from a volume zone plate.
lso, the efficiency is expected to be a wavelength depen-
ent property.
The images at the focal spots of the low NA volume

one plates are shown in Fig. 4. The spot size was mini-
ally affected by aberrations, and the focal spot produced

y the eight layer phase volume zone plate was �20 �m
t full width at half maximum (FWHM), which agreed
ith the theoretical value of 19.3 �m. The volume phase

one plates had a significant increase in diffraction effi-
iency when having eight layers. However, ten layers or
ore of zone plates started to show a decrease in effi-

iency. This decrease can be explained by three possible
easons: (1) interaction of light passing through many lay-
rs causes phase and focal position error at the focal
oint, (2) light absorption or scattering becomes notice-
ble with many phase layers, and (3) accumulated fabri-
ation errors.

ig. 6. Experimental spatial resolutions compared with the
ayleigh criterion of single layer high NA zone plates.
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. High Numerical Aperture Zone Plates
or the high NA zone plate, the diffraction efficiency is

ow, which causes relatively large measurement uncer-
ainties. The results of single layer high NA zone plates
re shown in Fig. 5, together with the estimated measure-
ent uncertainties. For a single layer zone plate of NA
0.66–0.91, the diffraction efficiency trended to be
lightly higher for a lower NA zone plate. The possible
eason is that the higher NA zone plates were partially
verlapped at the outer zones, resulting in more phase
hift error. The single layer high NA zone plates had effi-
iencies of 4.5% to 3.5% for NA from 0.66 to 0.91. The
ower diffraction efficiency as compared to a low NA vol-
me zone plate is mainly due to the much shorter fila-
ent length produced by a high NA objective lens.
In the study of high NA zone plates, we were especially

nterested in reducing the focal spot size or improving the
patial resolution of the zone plate since these fabricated
one plates are often intended for high-resolution applica-
ions. Our single layer high NA zone plates could produce
spot as small as 0.5 �m (FWHM) for a zone plate with

n NA=0.91. Figure 6 compares our experimental resolu-
ion of high NA zone plates with the Rayleigh criterion.
he focal spots of our zone plates were larger than the
redicted values, possibly because of aberrations and
verlapped zones. The overlapped zones reduced the effec-
ive diameter of the zone plate and lowered the effective
A. On the other hand, the smallest spot size for high NA

one plate still showed good Gaussian profile as shown in
ig. 7.

Fig. 7. Focal spot of high NA zone plate (NA=0.91, f=60 �m).

ig. 8. Diffraction efficiencies and focal diameters of high NA
olume zone plates �NA=0.8�.
The diffraction efficiencies and the corresponding focal
pot sizes of volume zone plates with NA=0.84 having up
o five layers are shown in Fig. 8. The maximum efficiency
f 7.1% was obtained with a two-layer zone plate, and the
ocal spot size increased with the number of layers. With
wo layers, the diffraction efficiency was maximized while
he total phase shift was only 0.06�. This phase shift
ould be increased with more layers but there were other
actors that diminished efficiency as the number of layers
ncreased. Therefore, we used a high magnification micro-
cope to observe the filament induced by a 100� objective,
nd found a dim spot on top of the filament. This dim spot
ndicates optical damage produced by a tightly focused
emtosecond pulse. Therefore, the high NA zone plate pro-
uced by a 100� objective might not be purely phase-type
nd can absorb light. Absorption could be a significant
ause for efficiency reduction when the number of layers
ncreases. Accumulation of fabrication errors can limit the
igh-resolution performance when the number of layers

ncreases.

. CONCLUSIONS
e designed and fabricated low and high NA volume
resnel zone plates inside a bulk of fused silica by femto-
econd laser direct writing. A new technique for modified
resnel zone plates in which only the central ring of each
one was irradiated by a laser was used to greatly reduce
abrication time and phase errors. Efficiency as high as
1.5% was obtained for a low NA volume zone plate con-
isting of eight layers. High NA zone plates were also suc-
essfully fabricated. Compared to low NA zone plates,
igh NA zone plates had much shorter filament length
nd absorbed light, resulting in lower diffraction efficien-
ies. Nevertheless, volume zone plates could offer much
igher efficiency than single layer zone plates with spa-
ial resolution of 500 nm. More rigorous design, optimiza-
ion, and improved fabrication techniques are needed to
urther increase the performance, especially for high NA
olume zone plates.
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