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Abstract 

This paper studies the effect of the wave function parameters on the density of  87𝑅𝑏 atoms laser. The 

density equation has been derived through the use of Thomas-Fermi approximation, Green function and the 

stationary phase approximations. We investigated the change of density behavior with the effect of Rabi 

frequency, period of output coupling and detuning frequency. Consequently the number of released atoms 

can be controlled by determining the suitable parameters necessary for producing the best atom laser beam. 
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1. Introduction 

The experimental realization of a Bose-Einstein 

Condensation (BEC) in 1995 [1-3] has raised a lot of 

interest in creating coherent atomic beams using such 

condensates [4]. The experimental setup based on Bose 

Einstein condensates that produces coherent atomic 

beams is now called atom laser [4]. When the atoms of 

the condensate are extracted from a trap, they form atom 

laser beams [5, 6] and subsequently the size of 

condensate shrinks [7]. The basic operation of an atom-

laser outcoupler for magnetically trapped condensates is 

a coupling between the trapped and untrapped states 

using either radio frequency (rf) or Raman transitions [8]. 

Most atom lasers have been produced experimentally 

using a radio-frequency rf coupling to produce the radio 

frequency atom laser [1, 9, 10]. The rf atom laser is 

produced by two types, a continuous atom laser which is 

based on continuous refilling of the condensate and a 

pulse atom laser whereas the condensate is periodically 

refilled and slowly released [11]. In this paper we deal 

with the quasi-continuous output which is produced by 

using a rf field that continuously couples atoms into a 

falling state due to gravity. The density of  87𝑅𝑏 atom 

laser represents the main objective of this study. The 

wave function parameters including the Rabi frequency, 

the period of output coupling and detuning frequency 

that really affecting the density of atom laser have been 

studied. This study looks to be the first one carried out 

for these parameters. 

2. Condensation Model 

The main component of the atom laser is the Bose-

Einstein condensate (BEC) of dilute alkali vapors which 

acts as the lasing mode, where the output beam is coupled 

to the lasing mode via transfer internal state of atom from 

trapped into untrapped state [12]. Considering the system 

consists of  87𝑅𝑏  atoms which can develop a 

macroscopic population of lowest energy state under a 

critical temperature 𝑇𝑐 [5]. The atoms are confined in a 

harmonic magnetic potential:  

     𝑉𝑡𝑟𝑎𝑝 =
1

2
𝑀(𝜔𝑥

2𝑥2 + 𝜔⊥
2 𝑦2 + 𝜔⊥

2 𝑧2). (1) 

where 𝑀 is the atomic mass and 𝜔𝑥 , 𝜔⊥ are frequencies 

of trap. The radio frequency magnetic field can induce 

transitions between states of hyperfine-manifold 𝐹 = 1. 

The macroscopic wavefunctions of 2𝐹 + 1  Zeeman 

sublevels are:  

     𝜓𝑚 = 𝜓′𝑚  𝑒𝑥𝑝[−𝑖 𝑚 𝜔𝑟𝑓  𝑡], (2) 

where 𝑚 ∈ {−𝐹, . . . . , 𝐹} . Often in experiments, Ioffe-

type traps are usually elongated in the horizontal plane 

being axial symmetric in the remaining directions. 

Considering 𝑦 𝑎𝑛𝑑 𝑧  are the directions of radial 

confinement and 𝑥 is axial confinement. In this system, 

the outer atoms depend on rf outcoupling can be 

described by Gross − Pitaevskii equations(GPE) as 

follows [4, 11]:  
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     𝑖ℏ 
𝜕𝜓𝑚(𝐫,𝑡)

𝜕𝑡
=  [

𝑃2

2𝑀
+ 𝑉𝑒𝑓𝑓,𝑚(𝐫, 𝑡)] 𝜓𝑚(𝐫, 𝑡) 

                    +ℏ Ω ∑𝑚′ 𝛾′𝜓𝑚(𝐫, 𝑡). (3) 

 where  

     𝑉𝑒𝑓𝑓,𝑚(𝐫, 𝑡) = 𝑠𝑖𝑔𝑛(𝑔𝐹)
1

2
𝑚 𝑀 𝜔2 𝐫2 +  𝑚 ℏ 𝛿𝑟𝑓 

                    +𝑀𝑔𝑧 + 𝑈||𝜓(𝐫, 𝑡)||2, (4) 

𝛾′ = (𝛾𝑚,𝑚′+1 + 𝛾𝑚,𝑚′−1) and 𝛾 is delta function. An 

energy term, 𝑈 ∥ 𝜓(𝐫, 𝑡) ∥2 is expressed as (twice) the 

mean-field energy of the system and plays a fundamental 

role in its dynamics with the interaction coupling 

constant 𝑈 = 4𝜋ℏ2 𝑁 𝑎/𝑀 , where 𝑎  is the s-wave 

scattering length and 𝑁 is initial number of atoms in the 

system. The total atomic density divided by 𝑁  is 

indicated by ∥ 𝜓(𝐫, 𝑡) ∥2= ∑𝑚 |𝜓𝑚(𝑟, 𝑡)|2 . The 

amplitude of the untrapped wavefunction remains small 

compared to the condensate wavefunction amplitude by 

using the assumption of weak coupling [4, 10, 11, 13]. 

The rf outcoupler is described by the coupling constant:  

     ℏΩ𝑟𝑓 = 𝑔𝐹𝜇𝐵𝑜ℎ𝑟𝐵𝑟𝑓/√2, (5) 

which denotes to the Ω𝑟𝑓 Rabi frequency obtained due 

to the field 𝐵𝑟𝑓 for a Lande factor 𝑔𝐹=1 = −1/2. This 

paper studies hyperfine-manifold 𝐹 = 1 for producing 

the atom laser, the transition from the magnetically 

trapped |1, −1〉 state to the untrapped |1,0〉 state. The 

detuning of two states from the bottom of the trap:  

     ℏ𝛿𝑟𝑓 = 𝑠𝑖𝑔𝑛(𝑚)(𝑉𝑜𝑓𝑓 − ℏ𝜔𝑟𝑓) (6) 

where 𝜔𝑟𝑓 is the frequency of 𝐵𝑟𝑓. Gravity causes a sag 

in the BEC away from the trap centre at 𝑧 = 0 which 

depends on 𝑀 and is given by 𝑧𝑠𝑎𝑔 = 𝑔/|𝑚|𝜔⊥
2 . The 

offset of the trapping potential is denoted by 𝑉𝑜𝑓𝑓 for the 

𝑚 = 0 condensation in the geometrical center of the trap 

[4, 11, 14, 15]. In the Thomas-Fermi (TF) approximation, 

the time dependent ground state of energy 𝜇  ( the 

chemical potential) is:  

     𝜙−1(𝐫, 𝑡) = √
𝜇

𝑈
[1 − �̃�⊥

2 − �̃�2], (7) 

where  �̃�⊥
2 = (𝑥/𝑥0)2 +   (𝑦/𝑦0)2, �̃�2 = (𝑧/𝑧0)2  and 

𝑥0 = √2𝜇/𝑀𝜔𝑥
2   and   𝑦0 = 𝑧0 = √2𝜇/𝑀𝜔⊥

2 , those 

represent dimensions of the condensation at the 

frequency of trap 𝜔 = (𝜔𝑥 𝜔⊥
2 )1/3 . The chemical 

potential is given by  

     𝜇 =
ℏ 𝜔

2
(

15 𝑎 𝑁

√ℏ/𝑀 𝜔
)

2/5

. (8) 

At the time dependence of chemical potential 𝜇, each of 

the condensate ground state of wave function Φ(𝑡) and 

the (BEC) dimensions 𝑥0, 𝑦0, 𝑧0  decrease with 𝑁(𝑡) 

[5,14]. 

Significantly, and upon studying the propagation of the 

atom laser, the effective parameters are really 

quantitative parameters which depend on a limited 

certain values of other parameters (𝑖. 𝑒. they depend on 

the population of atoms in each region). In this paper, the 

typical values corresponding to the situation of [7, 14] 

have been taken: 𝑁 = 7.2 × 105𝑎𝑡𝑜𝑚𝑠 initially, 𝜔𝑥 =

2𝜋 × 13𝐻𝑧 and 𝜔⊥ = 2𝜋 × 140𝐻𝑧. 

3. The wavefunction of Radio Frequency atom laser 

 The atoms of BEC for 𝐹 = 1 are extracted from the 

trap by process of rf output-coupling, the rf-outcoupler is 

described by the energy of detuning ℏ𝛿𝑟𝑓 and also the 

term coupling related to the Rabi frequency ℏΩ𝑟𝑓. The 

external potential in untraping coupling system is 

gravitational potential 𝑉𝑒𝑥𝑡 = 𝑀 𝑔 𝑧. Under the rotating 

wave approximation in the hyperfine level, the GP 

equations which express this system are written by 

formula:  

     𝑖ℏ
𝜕𝜓−1

𝜕𝑡
= [

𝑃2

2𝑀
+ ℏ𝛿𝑟𝑓 + 𝑉𝑡𝑟𝑎𝑝 + 𝑈|𝜓−1|2] 𝜓−1 

               +
ℏΩ𝑟𝑓

2
𝜓0, (9) 

     𝑖ℏ
𝜕𝜓0

𝜕𝑡
= [

𝑃2

2𝑀
+ 𝑀𝑔𝑧 + 𝑈|𝜓−1|2] 𝜓0 

               +
ℏΩ𝑟𝑓

2
𝜓−1. (10) 

To produce output coupling wave function of Radio 

Frequency atom laser, TF approximation can be used to 

solve Eq.(10) when dealing with the mean-field term as 

only a perturbation term compared with gravity. The 

leading term is therefore the gravitational potential. 

Therefore, the spatial variations of the mean-field 

potential can be neglected and consider the following 

approximated Hamiltonian [14]:  

     𝐻0  ≈  [
𝑃2

2𝑀
+ 𝑀 𝑔 𝑧]. (11) 

By using Green function for solution, the wave function 

can be formulated by:  

𝜓0(𝐫, 𝑡) =
Ω𝑟𝑓

2𝑖
∫

𝑡

0
𝑑𝑡′ ∫ 𝑑3𝐫′𝐺0(𝐫, 𝑡; 𝐫′, 𝑡′) 𝜓−1(𝐫′, 𝑡′),

 (12) 

where (𝐫, 𝐫′)  represents two different points of the 

correlation length of the rf atom laser at the time interval 

𝜏 = (𝑡 − 𝑡′) . The coupled GP equation of untrapping 

state can be written by Green propagator:  

     [𝑖ℏ
𝜕

𝜕𝑡
− 𝐻0] 𝐺(𝐫, 𝐫′; 𝜏) = 𝛿(𝐫 − 𝐫′)𝛿(𝜏). (13) 

The Green function can be expressed by the matrix 

element of operator 𝑈0 between position eigenstates at 

the time interval (𝑡 − 𝑡′) as [16]:  

     𝐺(𝐫, 𝐫′; 𝜏) =
−𝑖

ℏ
〈𝐫|𝑈0(𝜏)|𝐫′〉, (14) 

where  
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     𝑈0 = exp[−𝑖 𝐻0(𝜏)/ℏ] (15) 

is a time-evolution operator or propagator. The explicit 

expression of the propagator 𝐺 of 𝐻0 can be formulated 

as: 

     𝐺(𝐫, 𝐫′; 𝜏) = 𝐶 exp [−𝑖 
1

ℏ
∫

𝑡

𝑡′
 𝐻0 𝑑𝑡] 𝜃(𝜏), (16) 

where 𝐶 = (
𝑀

2 𝜋 ℏ 𝜏
)

3/2

, 𝜃(𝜏) is the step function. After 

using the path integrals, the Green function is obtained 

as follows:  

     𝐺(𝐫, 𝐫′; 𝜏) = 𝐶 exp[𝑖𝑆𝑐𝑙𝑎𝑠𝑠(𝐫, 𝐫′, 𝜏)] 𝜃(𝜏), (17) 

where the classical action is given by:  

𝑆𝑐𝑙𝑎𝑠𝑠(𝐫, 𝐫′, 𝜏) = 𝜋 𝐶2/3[(𝐫 − 𝐫′)2 + 𝑔 𝜏2 (𝑧 + 𝑧′) 

     −𝑔2 𝜏4/12]. (18) 

The output wave function 𝜓0 is computed by stationary 

phase approximations.  Therefore, it can obtain the 

following expression for the outcoupled atomic 

wavefunction:  

     𝜓0(𝑟, 𝑡) =
𝐴(𝑟⊥,𝑧𝑟𝑒𝑠,𝑡−𝑡𝑓𝑎𝑙𝑙)

|𝜁𝑟𝑒𝑠|
1
4

exp [
2

3
 𝑖 |𝜁𝑟𝑒𝑠|3/2], (19) 

 where  

𝐴(𝑟⊥, 𝑧𝑟𝑒𝑠 , 𝑡 − 𝑡𝑓𝑎𝑙𝑙) =
√𝜋 ℏ Ω𝑟𝑓 

2𝑀 𝑔 𝑙
 𝛼0(𝑡) 𝜙−1(𝑟⊥, 𝑧𝑟𝑒𝑠, 𝑡) 

      𝐷(𝑡, 𝑡𝑓𝑎𝑙𝑙) exp[−𝑖𝐸/ℏ], (20) 

𝛼0(𝑡) = √(𝑁 − 𝑁−1(𝑡))/𝑁 [6] and 𝐸 is an energy of 

system. This equation represents the atom laser mode, 

𝑧𝑟𝑒𝑠 = (−ℏ 𝛿𝑟𝑓 +  𝜇(𝑡))/𝑀 𝑔 is the point of extraction, 

𝑡𝑓𝑎𝑙𝑙 = √2(𝑧 + 𝑧𝑟𝑒𝑠)/𝑔  is the time of fall from this 

point, 𝑙 = √ℏ2/2𝑀2𝑔
3

 is a length scale, 𝜁𝑟𝑒𝑠 =
𝑧+𝑧𝑟𝑒𝑠

𝑙
 

and 𝐷(𝑡, 𝑡𝑓𝑎𝑙𝑙)  is unity if 0 ≤ 𝑡𝑓𝑎𝑙𝑙 ≤ 𝑡  and zero 

elsewhere: it describes the finite extent of the atom laser 

due to the finite coupling time [14]. The density of atom 

laser propagation is defined through the wavefunction 

equation by:  

     𝜌0 = |𝜓0|2  = 𝐴(𝑟⊥, 𝑧𝑟𝑒𝑠 , 𝑡 − 𝑡𝑓𝑎𝑙𝑙)2  |𝜁𝑟𝑒𝑠|−1/2.

 (21) 

This expression shows that the density depends on the 

Rabi frequency, the output coupling period, the detuning 

frequency and others. Therefore, we study the effect of 

these parameters on density of atom laser propagation in 

𝑧 direction towards the gravity. 

In 𝐹𝑖𝑔.1, the curves show the change of density versus 

square Rabi frequency at various values of detuning 

frequency, output coupling period and the number of 

atoms in the BEC 𝑁. The variable exponential behavior 

of the density is illustrated in 𝐹𝑖𝑔.1(a) at the different 

values of detuning frequency. The unevenness of curves 

in the figure is subjected to the distribution of atoms in 

the BEC, the number of atoms in BEC accumulates in the 

center and decreases towards the boundaries. From this 

figure, when square Rabi frequency increases, the 

number of outgoing atoms 𝑁0 also increases, so density 

raises exponentially until specific limit against a certain 

value of Ω𝑟𝑓
2  which is able to extract 𝑁0 ≈ 𝑁. At this 

point, the occurrence of the negative effect on the density 

can be observed. In all figures of density, the inset figure 

shows the small values of density in each figure. 

𝐹𝑖𝑔.1(b) displays the relation of density at 𝛿 = 0 𝑘𝐻𝑧 

( 𝑁0 is the largest) versus square Rabi frequency at 

different values of the output coupling period. The curves 

reveal the reverse effect of output coupling period on the 

density behavior at the values ranging between (10 −

100)𝑚𝑠.  This approve the presence of inverse 

proportionality between output coupling period and 

square Rabi frequency. From 𝐹𝑖𝑔.1(c), it is noted that if 

the total number of BEC atoms increases, the density 

behavior decreases. This indicates that the interaction of 

atoms with each other (the collision) and with the 

remaining atoms in BEC increases and the dispersion of 

the outgoing atoms occurs [17]. 

From 𝐹𝑖𝑔𝑠.2, it is observed that the relationship between 

density and output coupling period is similar to that of 

square Rabi frequency except that the density decreasing 

exceeding those observed in square Rabi frequency 

curves. in fact, this occurred because the output coupling 

period affords an opportunity for the outgoing atoms to 

interact with each other (the collision) and with the 

remaining atoms in the condensation more than those 

happened in square Rabi frequency relation with density. 

The negative values of detuning in 𝐹𝑖𝑔𝑠.3 represent the 

bottom region of the BEC and the positive values of 

detuning represent the top region of the BEC while at 

𝛿 = 0 𝑘𝐻𝑧  value represents the region around the 

center. It is clear that the peak of curves for large values 

of Rabi frequency is not at 𝛿 = 0𝑘𝐻𝑧, this indicates the 

asymmetric distribution of atoms in the condensation [7]. 

The three dimensional diagrams of density at certain 

values for the wavefunction studied parameters are 

shown in Fig.4 at 𝛿𝑟𝑓 = 0𝑘𝐻𝑧  and 𝛿𝑟𝑓 = 10𝑘𝐻𝑧 . 

Table.1 summarizes the peak density when the parameter 

value is changed in relative to the other parameter values 

used in the experiments.  

Table 1: The peak of density 

𝜹𝒓𝒇(𝒌𝑯𝒛) 0 3 5 8 10 

𝝆𝒑 (𝟏𝟎𝟐𝟎𝒎−𝟑) 105.11 8.71327 6.1419 2.06283 0.630326 

𝛀𝒓𝒇(𝟐𝝅 Hz) 200 312 500 700  

𝝆𝒑 (𝟏𝟎𝟐𝟎𝒎−𝟑) 15.56 105.11 434.15 11263.8  

t (ms) 10 20 50 100  

𝝆𝒑 (𝟏𝟎𝟐𝟎𝒎−𝟑) 46.92 105.11 159.93 1799.55  

N(𝟏𝟎𝟓𝒂𝒕𝒐𝒎𝒔) 0.1 1 7.2 50  

𝝆𝒑 (𝟏𝟎𝟐𝟎𝒎−𝟑) 5207.24 586.18 105.11 7.3  
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4. Conclusion 

In this work, the studied system was based on 

quantitative values of wave function parameters. More 

precisely, when certain value of the square of Rabi 

frequency is determined, this value must be 

proportionate with the energy and the number of atoms 

localised at a certain extraction point against a certain 

detuning frequency for the limited period of output 

coupling. 

Our results show that the density behavior of atom laser 

directly proportional with the square of Rabi frequency 

and inversely proportional with the period of output 

coupling, detuning frequency and the total number of 

BEC. This proportionality depends on the distribution of 

atoms in the condensate undergoing the Thomas-Fermi 

distribution. The best region for the best density is the 

region around the condensate center. 

From this research it can be concluded that there is a 

possibility for controlling the number of released atoms 

by determining the suitable parameters necessary for 

producing the best atom laser beam which is mainly used 

in a many wide applications such as atom optics, atom 

interferometers and precision measurements. 

Disclosures 

The authors declare no conflicts of interest. 

References 

[1] C. Townsend, W.  Ketterle, and S. Stringari, 

"Bose-Einstein Condensation", Physics World, 

10(3), 29, 1997. 

[2] F. Haupert, "Diffraction of a Bose-Einstein 

Condensate and the Path to an Atom Laser", PhD 

thesis, ResearchSpace@ Auckland, (2007). 

[3] J.  Hu,  A. Urvoy, Z. Vendeiro, V. Crépel, W. 

Chen, and V. Vuletić, "Creation of a Bose-

Condensed gas of 87Rb by laser cooling", Science, 

358(6366), 1078–1080, 2017. 

[4] J.  Schneider and A.  Schenzle,  "Output from an 

atom laser: theory vs. experiment",  Applied 

Physics B, 69(5), 353–356, 1999. 

[5] P. Meystre, "Atom optics", Springer Science & 

Business Media, 33, 2001. 

[6] B.M.  Henson, X.  Yue, S.S.  Hodgman, D.  

Shin,  L.A. Smirnov, E.A. Ostrovskaya, Xi-Wen 

Guan, and A. Truscott, "Bogoliubov-cherenkov 

radiation in an atom laser",  Physical Review A, 

97(6), 063601, 2018. 

[7] I.  Bloch, T. W.  Hänsch, and T. Esslinger,  

"Atom laser with a cw output coupler", Physical 

Review Letters, 82(15), 3008, (1999). 

[8] N. P. Robins, P. A. Altin, J.   E. Debs, and J. D. 

Close,  "Atom lasers: Production, properties and 

prospects for precision inertial measurement", 

Physics Reports, 529(3), 265–296, 2013. 

[9] N.P. Robins,  C. Figl,  S.  A. Haine, A. K.  

Morrison, M. Jeppesen, J. J. Hope, and  J.D.  

Close, "Achieving peak brightness in an atom 

laser". Physical review letters, 96(14), 140403, 

2006. 

[10] Y.B.  Band, P. S. Julienne, and M. Trippenbach, 

"Radio frequency output coupling of the Bose-

Einstein condensate for atom lasers",  Physical 

Review A, 59(5), 3823, 1999. 

[11] H. Steck, M.  Naraschewski, and H. Wallis, 

"Output of apulsed atom laser", Physical review 

letters, 80(1), 1, 1998. 

[12] S. A.  Haine, J.J. Hope, N.P. Robins, and C.M. 

Savage, "Stability of continuously pumped atom 

lasers", Physical review letters, 88(17), 170403, 

2002. 

[13] F. Dalfovo, S. Giorgini, L. P.  Pitaevskii, and S. 

Stringari, "Theory of Bose-Einstein condensation in 

trapped gases",  Reviews of modern physics, 71(3), 

463, 1999. 

[14] F. Gerbier, P. Bouyer, and A. Aspect, 

"Quasicontinuous atom laser in the presence of 

gravity", Physical review letters, 86(21), 4729, 

2001. 

[15] J.  Schneider and A.  Schenzle, "Investigations of 

a two-mode atom-laser model",  Physical Review 

A, 61(5), 053611, (2000). 

[16] E. N.  Economou, "Green’s functions in quantum 

physics", 7, Springer Science & Business Media, 

2006. 

[17] M-O Mewes, M. R. Andrews, D. M. Kurn, D. S. 

Durfee, C. G. Townsend, and W. Ketterle, "Output 

coupler for Bose Einstein condensed atoms", 

Physical Review Letters, 78(4), 582, 1997. 

 

 

 

 

 



Pages 183-189 The Effect of the Wave Function Parameters on the Atom Laser Density 

 

187 EJUA-BA | September 2022 
 

 

(a) 

 

 

(b) 

 

 

(c) 

 

Fig. 1: The effect of the Rabi frequency on the density. 

(a) At certain values of detuning frequency, (b) at certain 

values of output coupling period and (c) at certain values 

of 𝑁 number of atoms. 
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(b) 

 

 

(c) 

 

Fig. 2: The effect of the output coupling period on the 

density. (a) At certain values of detuning frequency, (b) 

at certain values of Rabi frequency and (c) at certain 

values of 𝑁 number of atoms. 
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Fig. 3: The effect of the detuning frequency on the 

density. (a) At certain values of Rabi frequency, (b) at 

certain values of output coupling period and (c) at certain 

values of 𝑁 number of atoms. 
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Fig. 4: 3𝐷 diagrams for density at certain values for the 

wavefunction studied parameters: (a) at 𝛿 = 0𝑘𝐻𝑧 and 

(b) 𝛿 = 10𝑘𝐻𝑧. 
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 مقالة بحثية 

 تأثير معاملات دالة الموجة على كثافة الليزر الذرية 

 1و هدى محمد السرحي ،*1عبده أحمد الكلي، 1حاتم عمر النظاري

 صنعاءجامعة  كلية العلوم، ،الفيزياءقسم  1

 aa_alkelly@yahoo.com & a.alkelly@su.edu.ye  ،+967777267057البريد الالكتروني: ؛عبده أحمد الكليالباحث الممثلّ:  * 

 2022 سبتمبر 30 / نشر في 2022 أغسطس 30  قبل في:  / 2022 أغسطس 17 استلم في:

 المُلخّص 

  توماس   تقريب   استخدام  خلال  من  الكثافة   معادلة   اشتقاق  . تمRb 87الليزر الذري  كثافة   على  الموجية   الدالة  معاملات  تأثير  يدرس  البحث  هذا

  وبالتالي.  detuning  وتردد  الخرج  اقتران  وفترة  رابي  تردد  بتأثير  الكثافة  سلوك  تغير  درسنا  لقد.  وتقريب الطور المستقر  ودالة قرين  فيرمي

 . ذري  ليزر حزمة أفضل لإنتاج  اللازمة المناسبة المعلمات تحديد خلال من المحررة الذرات عدد في التحكم يمكن

 . الموجة المادية ،البصريات الكمية ،الليزر الذري ،إنشتاين-  زبوتركيز  :المفتاحيةالكلمات 
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