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Two-color transient pumping in Ni-like silver at 13.9 and 16.1 nm
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We report on progress in the optimization and understanding of the collisional pumping of x-ray lasers in the
transient regime using an ultrashort subpicosecond heating pulse. An irradiation scheme using a frequency-
doubled 600-ps laser pulse to preform the plasma is tested. The effect of traveling-wave irradiation on the
time-integrated and time-resolved lasing signal at the 4d 1S0→4p 1P1 Ni-like Ag line is studied in detail.
Under specific irradiation conditions, strong lasing is also obtained on another spectral line at 16.05 nm that is
identified as the 4f 1P1→4d 1P1 transition in Ni-like Ag.

PACS number~s!: 42.55.Vc, 52.50.Jm, 42.60.By, 32.30.Rj
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I. INTRODUCTION

Since the first demonstration in 1985@1#, significant
progress has been made in improving the efficiency of x-
lasers~XRL’s!. One of the main goals being currently pu
sued by researchers is the production of a so-called ‘‘ta
top’’ XRL that would use a small-scale laser as a driver.

‘‘Standard’’ collisional XRL’s pumped by a relatively
long laser pulse~duration of 100–600 ps! now routinely
reach a saturated gain-length product of 15, with a pu
energy of typically 100–1000 J@2#. These XRL’s also rely
on the use of a low-energy prepulse preceding the main p
by a few ns@3#. The Ne-like zinc XRL emitted at 21.2 nm
and operated in a half-cavity was successfully used at L
oratoire de Spectroscopie Atomique et Ionique, France
coherent x-ray source for interferometry applications@4#.

The pump energy requirement was dramatically redu
to several J recently, when the development of chirped p
amplification~CPA! laser technology enabled the testing
the transient collisional excitation~TCE! pumping scheme
This scheme was proposed as early as in 1989@5#, and in-
vestigated theoretically by several authors@6–8#. The first
experimental demonstration of transient gain was achieve
1995 in Ne-like Ti@9#, and a saturationlike regime was fir
reported in the same element in 1998@10#.

The transient pumping scheme consists of two-stage
get irradiation by two consecutive laser pulses. The ini
long-duration and low-intensity pulse creates a plasma c
taining a large population of the desired ion species~i.e.,
nickel-like, neonlike, or possibly others!. The second
subpicosecond-duration, high-intensity laser pulse heats
preformed plasma and—due to the collisional electron-
excitation—creates atransientinversion of population. Since

*Also at Faculty of Nuclear Sciences and Physical Engineer
Czech Technical University in Prague, Brˇehová7, 115 19 Prague 1
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the population inversion is nonstationary, and short lived~a
few ps!, compared with the transit time of the amplified ph
tons along the active plasma~;30 ps for a 1-cm target!, the
ultrashort pulse must heat a local region which travels at
velocity of light in the direction of x-ray amplification. This
is achieved by tilting the wave front of the short pulse e
ergy, leading to a traveling wave~TW! irradiation geometry.
The beneficial effect of implementing TW irradiation i
pumping a laser was studied theoretically in Ref.@11# in the
context of dye lasers. One of the possible methods to ge
ate a TW irradiation consists in tilting slightly one of th
compressor gratings@12#.

Using a TW, an increase in the XRL intensity of a fact
of ;300—in comparison with the TCE without the TW—
was reported recently@13# for a 500-fs pumping pulse. A
time-integrated gain coefficient of 14.5 cm21 was measured
at the Ni-likeJ50 – 1 4d-4p silver line at 13.9 nm. A roll-
off from the exponential intensity versus length increase
similar to what is observed at saturation—was observed
plasma lengths above 7 mm. However, refraction was no
to be an important factor in such experiments with sho
pulse pumping. The deflection angle of the x-ray laser be
was found to be as high as 13 mrad after traveling in
1-cm-long plasma. Similar experiment with Ni-like Ag wa
also performed at CEA with analogous results@14#. How-
ever, in previous experiments using 130-ps pumping pu
@13#, the deflection angle of the laser output at 13.9 nm w
only 3 mrad, although emitted from a longer, 2-cm plasm

With the aim of improving the propagation of the amp
fied photons, we carried out an experiment that is reporte
this paper. In this experiment the long pulse that prefor
the plasma was frequency doubled, while the ultrashort h
ing pulse was left at the fundamental laser frequencyl
51.057mm). In this case the 1v heating pulse is absorbe
at—and slightly above—the critical densityNc(1v) which is
four times smaller than the critical densityNc(2v) for the
2v pulse. This means that the ultrashort pulse is absorbe
a region which is coronal for the 2v preformed plasma. The
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expected advantages over a 1v/1v configuration are twofold:
~i! the heated zone is located further from the target surfa
in a region where the density gradients are smoother; and~ii !
the heating pulse is absorbed in the coronal, hi
temperature region where the ionization stage is higher t
it would be at the critical density of the preformed plasm
Thus the main part of the energy of the ultrashort pulse
used to heat the electrons, and thereby promote a popula
inversion on the lasing line of interest. Finally, as we rep
in Sec. V, this configuration provided conditions suitable
generate strong lasing on a previously unobserved lasing
at 16.05 nm, which sometimes surpassed the 13.9-nm
Following semiempirical calculations, we identify this line
be the 4f 1P1→4d 1P1 transition in Ni-like silver.

II. EXPERIMENTAL ARRANGEMENT

The experiment was conducted at the P102 laser fac
in CEA Limeil—Valenton, France. The P102 laser is a h
brid CPA system consisting of a Ti:sapphire front end an
mixed Nd:glass power chain@15#. A part of the beam is
compressed in a vacuum grating compressor to a 35
minimal duration, and the other part is reamplified in the l
amplifier stage. The plasma was created by irradiating
silver slabs of 1.50–11.80 mm in length, with two success
laser pulses: a long 600-ps pulse~the preforming pulse!, fol-
lowed by a compressed 400-fs pulse~the heating pulse!.
Both pulses originate from the same stretched and ampl
laser pulse~Fig. 1!. The maximum energy available was 70
in the long pulse and 30 J in the short pulse.

Each laser beam is focused down to a line;1.9 cm long
by a combination of a cylindrical mirror and of an off-ax
parabola. The line foci thus generated are superimposed
a precision better than 20% of the focus linewidth. The fo
line is longer than the target length to avoid creation of c
plasma at the target ends.

The focusing system used introduces an intrinsic fast
running along the target at a velocity ofv;6.5c, wherec is

FIG. 1. Experimental setup showing the optical paths for
short and long laser pulses:~1! P102 laser,~2! polarizer,~3! KDP
crystal,~4! 1v filter, ~5! vacuum compressor,~6! compressor grat-
ings,~7! hollow roof prism,~8! target chamber,~9! dichroic mirror,
~10! cylindrical mirror, ~11! parabolic mirror,~12! target, and~13!
mirrors.
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the speed of light. To generate a TW at the appropriate
locity of c we used the technique initially validated in Ref
@12# and @13#. This technique consists in tilting slightly th
second grating of the compressor to induce a tilt of the w
front of the compressed, ultrashort pulse. By adjusting the
angle we were able to control the speed and the directio
the traveling wave. We could also exactly compensate
the intrinsic TW given by the focusing optics in order
irradiate the target with no TW at all.

The beam carrying the long preforming pulse was f
quency doubled by a well-known doubling crystal KDP wi
a ;43% efficiency. In the first period of the experiment w
varied several parameters in order to find the conditions
optimized the 13.9-nm laser emission. These optimum c
ditions were a focal width of 70mm, and energies of;3
J/cm ~at 2v! in the 600-ps preforming pulse and of;7.5
J/cm in the 450-fs heating pulse, with a temporal separa
of 250650 ps between both pulses. Unless otherwise sp
fied the results presented below were obtained with th
conditions.

The XRL output was recorded at both ends of the targ
In one direction a transmission grating spectrometer~TGS!
‘‘SPARTUVIX’’ @16# provided the time-integrated spec
trum, with angular resolution in the vertical plane and in
gration in the horizontal plane over a 3–8-mrad interval~ac-
cording to the adjustment!. In the opposing direction a flat
field grating spectrometer~FFS! @17# recorded the time-
integrated spectrum with angular resolution in the horizon
plane, and integration in the vertical plane over a;2-mrad
interval. The FFS was thus able to provide information ab
the refraction of the x-ray laser beam in the horizontal pla
This information was used to set the TGS at the angular p
of emission. For some shots the TGS was equipped wit
soft x-ray streak camera instead of a thinned, ba
illuminated charge-coupled device~CCD!, to provide tempo-
ral history of the laser emission with a;5-ps resolution.

III. CONTROLLING THE X-RAY LASER OUTPUT WITH
THE TRAVELING WAVE

The influence of the traveling wave on the XRL intens
was studied in both directions with the two spectromete
The TW velocity toward the TGS was set atv5c, while due
to technical reasons the velocity in the other direction wa
v;1.085c. However, this difference is not expected to pl
a significant role.

We examined a triplet of shots at nearly same long a
short pulse energies with the following TW conditions:~a!
the TW towards the FFS (v'2c), ~b! without a TW ~i.e.,
v→`), and~c! the TW toward the TGS (v5c). The spectra
obtained in the three cases on the TGS are shown in Fig
The vertical direction in the images displays the depende
of the spectral intensity versus the vertical angle. One
see that the intensity of 4d-4p line at 13.9 nm increase
dramatically when the traveling wave is directed toward
spectrometer@Fig. 2~c!#, causing a strong saturation of th
detector. The satellite peaks appearing on both sides of
13.9-nm line in Fig. 2~c! are due to the diffraction of this
radiation on the periodic grid supporting the transmiss

e
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TWO-COLOR TRANSIENT PUMPING IN Ni-LIKE . . . PHYSICAL REVIEW A 62 043808
FIG. 2. Demonstration of the traveling-wave effect on t
4d-4p output intensity at the TGS spectrometer.~a! The TW is
directed backward.~b! Without a TW.~c! The TW is directed for-
ward with respect to the spectrometer. The 4d-4p line is strongly
increased in case~c!, where it saturates the detector. The second
peaks around arise from diffraction onto the grid supporting
grating.
04380
grating. Since the ratios between the intensities of the s
cessive diffraction peaks are known, we were able to retri
the value of the intensity of the central peak, even wh
saturating the detector.

Spectra were obtained for the same three shots in
other direction by the FFS. Figure 3 displays those, wh
correspond to Figs. 2~a! and 2~b!, respectively. Here the hori
zontal direction in the images gives the dependence of
spectral intensity versus horizontal angle, with respect to
ducial wires, which give the vertical dark lines in the spect
The 13.9-nm line was not visible above background in c
~c!, when the TW is directed backward with respect to t
spectrometer; hence the image is not shown. The 13.9
line is very weak in Fig. 3~b! ~no TW!, and only an estimate
of the measured peak intensity can be made. As above
recting the TW toward the spectrometer leads to a str
enhancement of the lasing emission@Fig. 3~a!#.

Table I summarizes the relative intensities~i.e., normal-
ized to the ‘‘no-TW’’ case! measured in both spectromete
for cases~a!, ~b!, and~c!. It can be seen that both spectrom
eters indicate that the TW enhances the x-ray laser outpu
a large factor of;300–400, compared to the case where
TW is not present. This large enhancement indicates that

y
e

FIG. 3. For the same shots as in Fig. 2, two of the three spe
showing the 4d-4p line in the other direction, obtained by the FF
spectrometer:~a! The TW is directed toward the FFS spectromet
~b! Without a TW. The image corresponding to case~c! showed no
lasing line.

TABLE I. Peak intensity values~in arbitrary units! measured at
13.9 nm with each of the spectrometers when varying the direc
of the TW irradiation@cases~a! and ~c!# or canceling the TW@v
5`—case~b!#. The asterisk means a value is not measurable.

~a!
v52c

~b!
v5`

~c!
v5c

TGS 0.3 1 ;417
FFS ;300 1 *
8-3
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JAROSLAV KUBA et al. PHYSICAL REVIEW A 62 043808
transient high gain has a short duration. The lasing line
tensity is further reduced by a smaller factor of;0.3 when
the TW is directed away from the plane of observation. Su
a strong enhancement is a result of the short duration u
for the heating pulse. With a longer pulse~1.7 ps! the effect
of the TW in our previous work@13# was reduced to a 803
enhancement.

The effect of the TW on the temporal history of the x-r
laser signal was investigated by coupling a streak cam
with a resolution of;5 ps at the output of the TGS spe
trometer. Figure 4 compares the variation of the 13.9-
intensity, integrated over the linewidth, in the case with
TW @Fig. 4~a!# and without a TW@Fig. 4~b!#. The target
length was of 9.8 mm for these two shots. One can see
the duration of the XRL pulses is very short both with a
without TW.

In both Figs. 4~a! and 4~b! the XRL pulse exhibits a near
symmetric shape. However, the temporal resolution ofTR
55 ps which is comparable with the duration of the lasi
signal does not allow one to detect a possible asymm
between the rising and falling edges of the pulse. Due to
saturation of the detector at the 13.9-nm central peak,
temporal trace shown in Fig. 4~a! was taken from the closes
satellite peak produced by diffraction on the supporting g
~see above!. The duration of the XRL pulse was found t
vary from shot to shot. However it was noted that on aver
the duration was shorter when the TW was applied. T
average full width at half maximum~FWHM! measured was
17.3 ps without a TW and 8.7 ps with a TW. These valu
were obtained after deconvolution from the instrumen
resolution, using the formulat85At22TR

2, whereTR is the
temporal resolution of the detector,t stands for the measure
duration of the signal, andt8 is the actual duration taking
into account the detector resolution.

Such a shortening of the pulse duration can be unders
from simple considerations on photon propagation in
high gain active zone. In the case without a TW, the g
coefficient is—at a given time—the same along the wh
plasma column~i.e., it does not depend on the spatial coo
dinate along the target, but it depends on time!. In the limit
case where the duration of the gain is extremely short c
pared to the photon transit time along the plasma column,
output XRL pulse results from the integrated contribution
spontaneous photons statistically created along the w
length and amplified at a short distance. The overall dura
in this case reflects the photon transit time~i.e., 33 ps for a
1-cm plasma!. Conversely, when a TW traveling atv5c is
applied, the main contribution to the output XRL sign
comes from photons created at one end of the plasma col
and amplified over the entire length~due to the high gain tha
is applied at each point of the active zone!. The pulse dura-
tion in this case corresponds directly to the gain durati
hence it is shorter than in the case without a TW.

This can be shown from a simple small-signal mod
which calculates the intensity resulting from amplified spo
taneous emission~ASE! in a plasma column. The gain coe
ficient G is assumed to be constant and equal to 30 cm21

during the time intervalDt59 ps, and equal to zero outsid
this period. The plasma column is 1 cm in length. The c
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culated temporal histories of the intensity in the case w
and without a TW are displayed in Fig. 5. The duration
the XRL intensity pulse with a TW corresponds exactly
the duration of the gain maximum~9 ps!, while the duration
of the XRL without a TW is comparable~although slightly
shorter! to the photon transit time, and hence is significan
longer than in the previous case.

FIG. 4. Difference in time profile of the XRL output intensit
between the case with and without a TW.~a! CCD camera image
with TW and temporal profile at the XRL wavelength~FWHM
duration of 10 ps!. ~b! CCD camera image without a TW and th
same temporal profile~FWHM duration of 17 ps!. Both figures
show the data before deconvolution due to the resolution of
streak camera.
8-4
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TWO-COLOR TRANSIENT PUMPING IN Ni-LIKE . . . PHYSICAL REVIEW A 62 043808
IV. CHARACTERISTICS OF THE 13.9-nm EMISSION

The angular profile of the 13.9-nm lasing emission in t
horizontal plane was investigated with the FFS spectrom
~when the TW was directed toward it!. We observed that the
profile was often asymmetric around the peak intensity, w
a broader falling edge at larger output angles. The FWH
divergence and deflection angle of the XRL beamlet w
studied statistically for all available shots. The measured
vergence values were found to be distributed symmetric
around a maximum at 3 mrad, with a FWHM distribution
2 mrad. This is significantly smaller than the divergence
more than 6 mrad observed in the 1v-1v experiment previ-
ously carried out at Laboratoire pour l’Utilisation de Lase
Intenses, France~LULI ! @13#. The 2v-1v irradiation scheme
used here was actually noted to yield the smallest diverge
compared to the other irradiation schemes tested during
experimental campaign at P102@18#: 1v-1v, 1v-2v.

For most of the shots performed in the standard con
tions with a TW, the deflection angle of the 13.9-nm beam
was in the 10–12-mrad range. This is slightly smaller th
the 13-mrad angle observed in the LULI experiment. Lar
values~14 mrad or more! were obtained when the TW wa
switched off, and when the delay between the preform
pulse and the ultrashort pulse was set to 800 ps instea
250 ps.

When varying the energy of the 600-ps pulse in the ra
1.6–3.2 J/cm, no clear influence on the 13.9-nm inten
could be found. On the other hand, the 13.9-nm inten
increased exponentially when the energy of the 400-fs p
was enhanced from 5.8 to 8.4 J/cm. These results can
interpreted as the intensity of the lasing emission be
closely linked to the peak electron temperature at the tim
plasma heating by the 400-fs pulse, through the rate of
lisional excitation pumping. The higher the energy of t
short pulse—within the limits investigated here—the high
the peak temperature, and hence the stronger the XUV
plification.

The gain coefficient at 13.9 nm was measured with
TGS spectrometer by varying the plasma length between
and 11.8 mm. The plot of intensity versus length is display

FIG. 5. Temporal history of the XRL intensity calculated from
simple model~a! without a TW and~b! with a TW. Note that the
vertical scales in both cases are not comparable. The model q
tatively reproduces the shorter duration observed in the case w
TW.
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in Fig. 6. An exponential increase corresponding to a g
coefficient~derived from the Linford formula! of 33.5 cm21

is observed for plasma lengths up to 3.8 mm~i.e., a gain-
length product of 12.7!, which then abruptly turns to a linea
increase for larger lengths. This saturationlike behavior w
already observed at LULI, and is also reported in other tr
sient pumping experiments@19#. However, in the LULI ex-
periments the gain coefficient was only 15 cm21, and the
intensity roll-off was observed for plasma lengths above
mm ~a gain-length product of 10.5!. It is notable that a the-
oretical estimate of the saturation gain length as well as
periments performed with the ‘‘standard’’ quasi-steady-st
pumping~i.e., with 100-ps pump pulses! produce larger val-
ues, of the order of 16. This difference is likely due to t
combined effects of saturation and refraction, which lead
the lower effective amplification.

V. STRONG LASING LINE AT 16.05 nm

Strong lasing was also observed on a longer wavelen
line measured at 16.0560.05 nm. The intensity of this line
sometimes exceeded the 13.9-nm line. Figure 7 display
time-integrated spectrum in which the 16.05-nm line, and
4d-4p line exhibits a similar intensity. Both lines give ris
to a fringe pattern due to the diffraction onto the grid su
porting the transmission grating. Those satellite peaks a
ally gave the opportunity to infer the wavelength of the ne
lasing line from the well-known wavelength of the 4d-4p
line. The identification of the 16.05-nm line to the 4f 1P1
→4d 1P1 transition in Ni-like silver was made following
recent semiempirical calculations of energy levels in this i
performed at Laboratoire Aime´ Cotton, France. These calcu
lations use the Slater-Condon parametric method with g
eralized least-square fits@20#. By including several new
available experimental wavelengths, the new calculati
gave refined predictions over the formerly published on
@20#. The wavelength of the 4f 1P1→4d 1P1 line is pre-
dicted to be 15.9760.1 nm. Recent calculations performed

li-
a

FIG. 6. Plot of the XRL output intensity vs the target length.
small signal gain of 33.5 cm21 is inferred for target lengths shorte
than 3.8 mm.
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JAROSLAV KUBA et al. PHYSICAL REVIEW A 62 043808
Lawrence Livermore National Laboratory~LLNL ! also con-
firm this identification@21#.

The observation of the 4f -4d line with a weak intensity
was reported in Ni-like Zr and Mo by the LLNL grou
@19,22#, and interpreted as pumped in part by se
photopumping from the strong 3d-4 f resonance line@23#.
Here our observation shows, for the first time to our know
edge, that lasing as strong as on the 4d-4p line can be ob-
tained on the 4f -4d line, although the relative contribution
of photopumping and collisional pumping in the 4f -4d am-
plification still needs to be experimentally investigated. T
intensity of the 16.05-nm line was very unstable from sho
shot, and showed a very high sensitivity to the energy of
short pulse. For this reason no reliable measurement of
gain coefficient could be made. The intensity data plotted
Fig. 8 show that there could exist some correlation of
intensity of the 4f -4d line with respect to the 4d-4p one.
Even though the functional dependency is not clear, one
see that—except for one data point—the intensity of
4 f -4d line rises considerably with the 4d-4p line intensity.

Finally, this new line was observed only under spec
conditions of irradiation, namely~i! when the TW was di-
rected toward the spectrometer,~ii ! when the temporal delay
between the long and ultrashort pulses was set to 250 ps~iii !
for the 2v-1v irradiation scheme only, and~iv! for target
lengths greater than 3.8 mm~at this length the 4d-4p line
was already saturated!. The 4f -4d line never appeared fo
the other configurations tested~1v-2v; 1v-1v; see Ref.
@18#!. These indications may help numerical simulations
understand better the conditions and mechanisms involve
lasing on the 4f 1P1→4d 1P1 line.

VI. CONCLUSIONS

With the aim of improving the propagation of x-ray lase
pumped in the transient regime, we tested a two-color i
diation scheme in which the preforming pulse is at a sho
wavelength than the ultrashort heating pulse. A large gain
33.5 cm21 is obtained on the Ni-like Ag 4d 1S0→4p 1P1

FIG. 7. Time-integrated spectrum showing the 13.9-nm line a
a strong new line located at 16.05 nm. Both lines give rise t
fringe pattern by diffraction of radiation on the grid supporting t
transmission grating. These satellite peaks~• and * ! are used to
infer the peak intensity of the lines when the central peak satur
the detector. The plasma length is 6 mm; the TW atv5c is toward
the spectrometer.
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line at 13.9 nm with modest energy requirements on the
get of 3 and 7.5 J/cm for long and short pulses, respectiv
The divergence of the x-ray laser beamlet is substanti
improved over the previous experiment performed at LU
with a 1v irradiation~3 mrad instead of 6 mrad!. The deflec-
tion angle is still large~;10 mrad!. This indicates that re-
fraction affects strongly the propagation of the amplifi
photons. However, saturation is believed to play a role in
roll-off of the intensity versus plasma length observed
L.4 mm.

The effect of traveling-wave irradiation on the output la
ing signal at 13.9 nm was investigated in detail.
(300– 400)3 enhancement factor was observed when a T
running atv5c was applied to the 400-fs heating pulse. Th
enhancement could be observed in the two opposite di
tions by controlling the direction of the TW. A shortening o
the duration of the x-ray laser pulse from;17 to;9 ps was
noted on the time-resolved spectra when a TW was appl

Finally, a new lasing line at 16.05 nm was observed un
specific irradiation conditions with intensity, which som
times surpassed the 13.9-nm line. Following semiempir
calculations we identify this line to the 4f 1P1→4d 1P1
transition in Ni-like silver. The understanding of the plasm
conditions that favor strong lasing on this line and of t
potential role of photopumping requires further investigatio
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FIG. 8. Plot of experimental data showing that there seem
exist a correlation between the intensities of the 4d 1S0→4p 1P1

and 4f 1P1→4d 1P1 laser lines. Note that the horizontal sca
(4d-4p) is linear, while the vertical one (4f -4d) is logarithmic.
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