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P cuer BeIXon p 3psamku maomep Berenctsue NEEC ams aap  otx um 3™ Mo

B coBpeMeHHBIX IyONUK LMSAX YAEAIETCS BHUM HHE BO3MOXHOCTSM P 3DSIKH SIEPHBIX
HM30MEpPOB 3 CYET TOMHO-SepHBIX Koonep THBHBIX mpoueccos, T Kux K K NEET u NEEC,
IIPY UCIIOIb30B HUM H KOIHUTENBHBIX KOJIEll M JIEKTPOM THUTHBIX JioByHIeK. Hen BHO GbuT
MpPEeJIOKEH HOB g CXeM , TPeOyIowL] s IPUMEHEHHs TOIBKO CT HJl PTHBIX METONOB VIS MOIMY-
YeHHs M30MEpP M TOPMOXKEHHMs Suep OTH 4 B T 3e. [Ipom3Bomsimy s pe Kius U KOHKPETHOE
SPO-U30MEp JOJIKHBI ObITh BHIOP HBI CIIELH JIbHO, YTOOBI YIOBIETBOPUTH TPeOOB HHSAM pe30-
H Hc 111 NEEC, obecnieynB 1omiero Tp HCMYT LIMI0 M30MEP B OCHOBHOE COCTOSHHE uepe3
W3BECTHBI MPOMEXYTOUHBI ypoBeHb BO30OyXIeHHs. B g HHOIl p 6oTe MpoBemeHBI KoJmde-
CTBEHHBIE P CUETHl M X P KTEPH30B HbI IPOLECCH TIONYUEHHS W P 3paaKH m3omep Mo B
OTHOCHTENBHO MPOCTOM 3KCTIEPHMEHTE ¢ HCIOMb30B HUEM MydK HOHOB ° Zr. T KHe OMBITH
MOryT OBITh OCYLIECTBJICHBI H CyIIECTBYIOLIMX U P 6ot tomux yckopurensix B GSI (I pm-
wr ar) w8 OUSAH (Iy6n ). Smpo ™Mo momkHO GBITH TONydeHO B T 30Boil Mumenu He
B pe xuun “He (°Zr,2n). 3 Tem 3TO #IpO MPOXOIK €T JBUT ThCS B T 3¢ C BBICOKOI CKO-
POCTBIO U MOXET Tp HCMYTHPOB Th B pe3yipT Te NEEC npu 3 XB Te 2/lIeKTpOH H  TOMHYIO
B K HCHIO, CO31 HHYIO 3 CYeT DIyOOKOH OOMMPKHM TOMHBIX 000JIOYEK.
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Calculated Yield of Isomer Depletion due to NEEC for %Mo Recoils

Possibilities for nuclear isomer depletion due to atomic-nuclear cooperative processes
such as NEET and NEEC with application of storage rings and electromagnetic traps are of
interest in modern literature. Recently, a newer scheme requesting only standard techniques
for isomer production in nuclear reactions combined with stopping of recoils in gas has been
proposed. The isomer sample and the producer reaction must be chosen specially to meet
the requirements for NEEC resonance in transmutation of the isomer to ground state via
definite intermediate level. At the present work, quantitative calculations were carried out for
production and depletion of the >™Mo isomer at relatively simple experiment using °*Zr ions.
Such studies could be arranged at already existing and operating accelerators, for instance, in
GSI, or in Dubna. The ®*™Mo nuclei produced in He-gas target due to the *He (°'Zr, 2n)
reaction continue to move in gas with high velocity being then depleted due to NEEC in
highly-ionized species.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.
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INTRODUCTION

For production of isomers in nuclear reactions, charged particle beams and
solid targets are normally used. A significant recoil momentum is transferred
to the reaction products by the bombarding projectiles. The atomic excitation
and deep ionization take place with a high probability over the transmission of
swift ions (recoils) in solid, or in gas matter [1]. At high velocity, near 10%
of the light velocity, the heavy-element ions could be stripped to a charge
state of (40-50)+ that is comparable to the charge state considered for detec-
tion of NEEC in electron-beam ion trap (EBIT). The electron impact energy
providing NEEC is also supplied by the ion velocity in the stopper material.
A gas absorber may supply better conditions for detection of NEEC radiation
and also for stability of an atomic configuration over a time needed for electron
capture.

Depletion of 242 Am isomer by means of NEET was described in [2] at-
tracting empirical and theory knowledge. Relatively high probability could be
expected for ions confined in ECRIT trap. Another process, namely NEEC, may
be also productive for this isomer depletion, as was mentioned in [2]. A possi-
bility to discover NEEC process in experiment on confinement of the 242™Am
isomeric ions in EBIT trap was proposed in [3, 4]. In calculations [3], the deple-
tion yield was deduced to be relatively low, being still at a detectable level, and
this was confirmed in [2] for the same case of NEEC in EBIT, despite another
approach in estimates.

A new scheme for NEEC detection has been proposed and tested by calcula-
tions for the 242 Am isomer depletion in [2]. The scheme is based on the idea of
swift reaction products (isomers) stripped to high charge states under transmission
in matter and excited due to electron capture to the intermediate nuclear level. In
application to 242 Am the quantitative characteristics are as follows: an electron
collision with I-like 24 Am*2* ion at 2.658 keV corresponds to the resonance
conditions for NEEC [3,4]. An electron impact of similar velocity takes place in
the absorber at ion energy of about 4.9 MeV/u in laboratory system (l.s.). The
242mAm jons could be produced in inverse kinematics irradiating the deuterium
target by 5 MeV/u 2*'Pu ions. The velocity of the recoil products is enough for
resonance NEEC conditions with excitation of an intermediate level located at
4.1 keV above the isomer. The case of 242 Am is characterized in [2-4] as one
of the best for experimental observation of isomer depletion due to NEEC. But
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Fig. 1. General scheme of the di-electronic recombination (DR) process

this was not yet detected in real irradiations, either in EBIT [4], or at the recoil
stopping scheme [2].

In the present work, we describe the case of “>™Mo isomer as a candidate
for depletion via stopping in gas. This isomer is attractive for NEEC because the
potential intermediate level is located only at 4.8 keV above the isomer, similarly
as in 242™Am case, but the released energy past depletion is much higher —
of about 2.42 MeV, i.e., by 45 times higher as compared to the 24> Am case.
The ?3™Mo isomer was mentioned earlier in the context of possible experiments
using the EBIT trap [4]. But newer scheme of depletion under stopping must be
developed now for this nucleus.

For swift ion, an electron capture resulted in NEEC, is an analogy of the
known atomic process — di-electronic recombination DR. Very simplified illus-
tration of DR is shown in Fig. 1. NEEC and DR processes are similar in general
scenario. The only difference is that the energy released in electron capture is
spent for nuclear excitation at the case of NEEC, but for excitation of additional
electron to higher orbit due to DR, as is shown in Fig. 1.

1. RESONANCE CONDITIONS FOR NEEC IN A COURSE
OF ION STOPPING

The currently proposed experimental scheme for detection of NEEC is dis-
played in Fig.2. The recoil nucleus transmits through the gas degrader and its
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Fig. 2. Layout of a setup for excitation of the reaction-recoil products due to NEEC by
stopping

velocity is systematically decreasing. At some distance, the resonance conditions
for NEEC are reached, and it is shown as a resonance range within the gas stopper.
The resonance coordinate distribution might be wide due to the velocity spread
and possible variation of the charge state proper for definite NEEC transition. For
instance, in the case of 2**™Am, NEEC to the 5p3/ orbital in 42+ charged Am
ion may happen at another velocity in the higher-charged states where this orbital
remains vacant.

Resonance conditions are schematically explained in Figs.3,a—c. When ion
is retarded in the gas absorber, its velocity is reducing and simultaneously the
equilibrium charge is also decreased. Respectively, the kinetic energy of bom-
barding electron in the ion rest frame Fi;, is diminished. The electron binding
energy B, is also decreased because the charge is reduced as a function of the
velocity g(v). A resonance takes place when the total energy of recombination
E. = (Exin + Be) becomes equal to the energy of the excited nuclear level FE,,.
The velocity v and ¢(v) functions are shown in Fig.3,a, the kinetic, potential
and total energies of an electron — in Fig.3, b, and resonance coordinate dis-
tribution — in Fig.3,c, all as a function of the stopping range. The resonance
conditions may even appear multiple times for a single ion because of charge
state fluctuations up and down in regular charge-exchange interactions of an ion
with medium.

A nuclear radiation detector should be installed near the «resonance range» co-
ordinate to measure prompt emission accompanying events of the isomer depletion
by NEEC. On today, no experimental attempts are known aimed to explore the
survival of isomers under stopping of the reaction products. The depletion rate
could be negligible for many isomers, yet manifested at some special cases. The
scheme is advantageous because each ion at some point in the degrader will ob-
tain a resonance velocity required for NEEC, and the velocity spread does not
cancel that.

An object for concrete experiment (within a stopping scheme) could be se-
lected among the following isomers: 242" Am, or ?”Mo. Both could be pro-
duced in a gas target irradiated by accelerated heavy ions: 2H (**'Pu,n) and
4He ("'Zr,2n). The isomeric recoils possess enough velocity for NEEC reso-
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Fig. 3. Schematic illustration of the following parameters dependent on the stopping
range L: a) of the ion velocity v and of equilibrium charge ¢(v) shown by curves /
and 2, respectively; b) of the electron capture sum energy E. (curve /), of the electron
binding energy B. (curve 2), and of the electron kinetic energy FExin in the ion rest frame
(curve 3); c) resonance in the NEEC probability due to matching of E. energy and of the

nuclear-transition energy E,

Resonance parameters for nuclear excitation by NEEC

L

Product Activa- | Energy . Resonance | Electron
. . . Atomic state .
Reaction nuclide tion | above energy, impact
level |isomer MeV/u energy
Spin,
Isomer pit Charge | Vacancy
parity
4He (°1Zr,2n) | 93™mMo (21721 | 17721 [4.8 keV| 364+ | 3ps/s 491 2.67 keV
2H (241Pu, n) |242mAm| 5— 37 |41keV| 424 | 5py0 4.89 2.66 keV

nance under stopping in the gas absorber. In the Table, resonance parameters are
given for definite nuclear and atomic transitions in these cases. Such conditions
provide NEEC in greatly stripped ions of the recoiled isomeric species. The level
schemes of both nuclei are shown in Fig. 4, they look in principle similar, but the

rate of nuclear transitions and other characteristics are different.
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Fig. 4. Nuclear level schemes for “®Mo and 2*2Am according to Nuclear Data Sheets. The
level and transition energies are given in keV

Let us give more details for the ?*™Mo case. The resonance matching is
needed between the projectile energies required for the nuclear reaction and for
the proper electron-collision energy at NEEC. The excitation function of the
producer *He (°'Zr, 2n) reaction is peaked near 6 MeV/u for Zr ion energy in L.s.
The corresponding energy of the isomer recoil — 5.5 MeV/u exceeds the NEEC
resonance value of 4.9 MeV/u. However, the produced recoil nucleus reaches
the required resonance velocity due to energy loss in the gas absorber. The
charge-state distribution is also wide, as is known from [1], and a 6% decrease
in the ion velocity does not exclude the 36+ charge-state required for NEEC
according the Table.

The satisfactory resonance conditions could also be found for the 35+ charge-
state and for others nearby. The wide nuclear excitation function — with half-
width of about 1.5 MeV/u, together with wide charge distribution of ions cre-
ate some freedom for resonance matching. Regular electron capture and loss
processes generate many options for NEEC within some range of ion energy
under stopping. Thus, the discussed case of ?>™Mo isomer depletion is one of
the best options because the requirements of different kinds could be satisfied,
including the production yield, the isomer-depletion energy matched to the NEEC
resonance, and the charge-state distribution of ions.

The successful detection of NEEC process is restricted by presence of the
backgrounds, the same as in the sophisticated experiments with a storage ring,
or with EBIT trap. Assume that in some hypothetical case, the isomer depletion
probability for each stopped ion is as high as tens per cent. Then, the activation
method could be applied to isolate this probability by comparison of the yields of
the same reaction, but performed in the direct and inverse kinematical scheme [2].
For instance, it is possible to irradiate a heavy target by deuterons, or by *He ions
collecting the produced activity and to compare that with the yield of the same
isomer in the irradiation of the deuterium, or He gas targets by the heavy element
ions. If the isomer depletion probability is much lower unity, then the activation



method is not applicable and only the direct detection of prompt gamma radiation
past depletion is possible.

It was mentioned above that regular charge-exchange events happen under
stopping of an ion in matter. This looks positive for NEEC because of a high cross
section of electron capture. However, that means also a high yield of radiative
recombination RR photons, and correspondingly, high background for NEEC
detection. Past excitation of a nucleus from a ground state to some excited level,
the nuclear and recombination photons will possess practically the same energy,
and a great physical background is created. Another situation is typical for isomer
excitation by NEEC, the depletion photons are emitted with higher energy than the
recombination quanta because the initial energy of an isomeric state contributes
additively to the energy of a nuclear transition from the intermediate level to the
ground state. Thus, the experiment for NEEC with isomer is advantageous even
in the version of prompt radiation detection, not only within a scheme of the
activation method.

2. ESTIMATED RATE OF ™Mo ISOMER DEPLETION AT STOPPING

Many years ago, the nuclear excitation by NEEC under stopping was dis-
cussed in [5,6]. But that was devoted to other domains of physics as compared
to our proposals for depletion of isomers [2,7]. There were considered in [5]
a high-velocity (13-93) MeV/u bare ions of the heavy elements from Ho to Pu
those could capture an electron to K, or L shell with excitation of a nuclear
level within 50 to 140 keV above the ground state. The evaluated cross section
reaches tens millibarn in these examples. The same process under channeling of
swift ions may be more promising because channeled ion moves near the channel
median line (plane) and collides mostly with weakly bound valence electrons.
Therefore, the spectrum of impact kinetic energy becomes relatively narrow that
is affected in the enhanced yield of the NEEC resonance. Nevertheless, the recti-
fied theoretical analysis of [6] is resulted in much lower cross sections at similar
ion velocities compared to [5] despite expected growth due to channeling in Si
crystal. The cross section of about microbarn was deduced in [6].

In the present article and in [2,7], we describe the depletion of isomers
requiring much lower excitation energy < 5 keV for nuclear transition to the
intermediate state. Due to that, the NEEC probability could be higher with
account also of much lower ion velocity and lower grade of atom ionization in
this case, as compared to [6]. The electron stripping and recombination are the
multiply repeated processes over the ion range and they take place as many times
as 3-10* when the velocity is still enough for NEEC. Strictly speaking, one has to
create the Monte Carlo transport code and to simulate the consequence of atomic
collision processes over the ion trajectory. Such a progress in theory was not yet



reported. A successful NEEC experiment also is in expectation for future. The
simplified estimate of the Mo depletion probability is described below.

It was mentioned above that NEEC in general properties is similar to the
di-electronic recombination DR, only nuclear excitation instead of atomic transi-
tion serves to absorb the energy released in recombination. Therefore, it would
be possible to estimate NEEC cross section via DR. The latter process was suc-
cessfully observed as one of the supplementary effects to more general radiative
recombination RR process. Both NEEC and DR are the resonant processes. At
definite ion velocity, the resonance conditions could be fulfilled for NEEC, but
not for DR, and vice versa. However, one can use the opgr cross section as a
scale for estimate of onggc at comparable velocities. Similarly, the yield values
are linked by the expression:

Ypr T

YNEEC = T

ey
We reasonably assume that in real experiments, the resonance width will be com-
pletely covered due to the modest energy resolution. Therefore, in calculations
of the yield Y ~ o, the o values correspond to the total cross section for definite
resonance unlike to the peak do/dE magnitude. Resonance widths are given by I'
symbols in (1), and they define the absolute rate, not only the energy dependence
of the processes.

At depletion of ?3™Mo by NEEC, the recombination energy must be equal
to the nuclear transition energy, means to 4.8 keV. At the case of DR, this energy
may be enough to excite an electron from L to M shell in the high-charge state Mo
ion. Then, the atomic level width in Eq. (1) effective for DR could be estimated
from the known [8,9] radiative width of the L vacancy being numerically of
about 0.1 eV in Mo atom. However, this corresponds to the neutral atom unlike
to our case when radiative transitions of unbound electrons to the vacancy could
happen because of almost completely stripped atomic shells in the ion. Then, I,
in Eq. (1) must be replaced by 'S ~ 0.01 eV.

For nuclear activation level at 2429.7 keV, the half-life T ,, = 3.5 ns corre-
sponds to a width I' = 1.7-10~7 eV. That is defined by the 268 keV E?2 transition
to the level located at 2161 keV. But for NEEC we are concerned by the tran-
sition of low energy — 4.8 keV back to the isomer at 2424.9 keV. At the same
multipolarity, the y-decay width is reduced by many orders of magnitude.

Furthermore, it was already mentioned that NEEC is an inverse process to
electron conversion (IC), and the estimated width for NEEC must include the
width of inverse process, i.e., of IC. The conversion coefficient for the 4.8 keV
FE2 nuclear transition could be calculated using the code described in [10]. The
conversion from Mir; subshell must be specified. In highly stripped ion the
remaining electrons are strongly bound and My orbit takes the location replac-
ing Ly orbit. Therefore, the effective for NEEC nuclear width was calculated



using the Ly — conversion coefficient equal 2.6 - 10° according [10]. It was
finally obtained I'®f = 0.8-10710 eV. Thus, effective values of widths for substi-
tution to Eq. (1) are ready, remains only to define reasonably the Ypr magnitude.

The ion-velocity active range corresponds to the kinetic energy gap from 5.5
to 4 MeV/u, that is the stopping range of 15 cm in He gas at normal conditions.
Many electron-capture and electron-loss events happen over this range. The
cross section of about 3 - 107'7 cm? for elementary electron collision could be
deduced for RR basing on the Mo ion stopping power [11]. Combining that
with the He gas layer thickness of 4 - 102° atoms/cm?, one obtains immediately
2.5 - 10* charge exchange collisions. Some of them will be manifested in a
form of DR and some are accompanied by NEEC. The resonance for NEEC
may appear for different charge states at corresponding velocities. The stopping
from 5.5 to 4 MeV/u involves 15% regular decrease of the ion velocity and
may cover many NEEC resonances corresponded to different ionization states of
the swift ion. Even some definite charge of an ion may appear several times
due to fluctuations. Electron states in medium may also be perturbed by the
wake potential and because of multiple scattering by attractive Coulomb center.
Capture of electrons from perturbed states allows additional options for the NEEC
resonance.

Charge state distribution given in [1] supports an assumption that 6 different
charges near the equilibrium charge are involved in the interplay of ion charge
fluctuations. They are potentially active for NEEC. The resonances will take
place for each ion and not as a single event. The experimental energy resolution
makes no significance because each ion transmits through the resonances along
regular decrease of the velocity. Similar scheme is realistic also for DR. The
di-electronic recombination yield is assumed at a level 20% of the total RR yield,
i.e., Ypr = 5 - 102 for each ion under stopping from 5.5 to 4 MeV/u in He gas.
Combining all together in Eq. (1), one deduces the yield of NEEC at a magnitude
of 1074, i.e., each isomeric **"Mo nucleus has a chance for depletion with a
probability of about 1072%.

This is a moderately low yield, but one has to involve the isomer production
rate as high as of 10° s~! with the standard cross section assumed for the («, 2n)
reaction. Then, one deduces a great effect of the isomer depletion by NEEC. In
the rate estimate, we took a relatively low beam current nearby 1 particle nA. At
higher intensities, the yield of isomer is growing proportionally, but an intense
beam may create plasma in the gas stopper. That generates some uncertainties
difficult for accounting. Plasma could disturb the resonance processes, or oppo-
sitely, may produce a positive influence. In [12], there was predicted that stellar
plasma at temperature above 5 - 10 K provides acceleration of the *>™Mo isomer
decay by a factor of 10% due to NEEC. In our scheme, the bombardment by
2.7 keV electrons is equivalent to the effective temperature of 3 - 107 K and the
NEEC rate must be enhanced even stronger.



Our estimates above are yet inaccurate because some parameters are taken
only within the order of magnitude. The NEEC yield could be significantly
higher than 1072%. At a high NEEC probability, the background-less method
could be applied for detection of the process. As is proposed in [2,7], the *™Mo
recoils must be collected at solid catcher past transmission through the He gas
volume. The yield of reaction products in this inverse kinematics should be
compared to the direct scheme when “He ions impact the ?1Zr target. The ratio
of yields contains a NEEC probability and the backgrounds are excluded in this
scheme. The activation method is applicable only when Pxgrc = 0.05, otherwise
inaccuracies do not allow a successful measurement of the yield ratio taken in the
direct to inverse kinematics.

At low probability, the NEEC radiation must be detected «in-beam» because
the activation method becomes insensitive. The in-beam experiment is more
complicated due to the presence of v radiation of different origins. In literature,
there were discussed the backgrounds created by Coulomb excitation of nuclei,
or by radiative recombination of electrons. Positive aspect of the experiment
with isomer is manifested in the special energy of photons emitted past NEEC
that is not identical to the background v lines of CE and RR radiation. Thus,
backgrounds are suppressed also in the scheme of direct in-beam NEEC detection.
The latter scheme requires nevertheless the best experimental equipment at a top
level of modern possibilities.

SUMMARY

Isomer depletion under stopping of nuclear-reaction products in a gas ab-
sorber looks attractive for exploration of stimulated isomer decay. Relatively
straightforward experiments could be carried out using common technique with-
out great complications. Such options make significance also for discovery of the
atomic-nuclear cooperative NEEC process. Low background conditions could be
created for NEEC detection at the case of isomeric species excitation by electron
capture. The yield of ®*"Mo isomer depletion was estimated using atomic data
for charge-state distributions and for stopping power of swift heavy ions in mat-
ter. The moderate probability of NEEC combined with a standard nuclear-reaction
rate promises relatively high yield of isomer depletion.
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