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Fig. 1. (a) Stored energy EP  (in units of w,) and (b) maximum average charging power P (in units of w?) as a function of

the parameters £ and g for the intensity-dependent Dicke quantum battery, where the number of quantum cell N = 10 is chosen

in the calculation.
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Fig. 2. Stored energy E'P(t) (in units of wa ), its fluctuation X'0(t) (in units of wa ), and average charging power P'P(¢) (in

units of w? ) versus the dimensionless quantity wat for the intensity-dependent Dicke quantum battery in the different couplings,

where quantum cell is set to N = 10 in the calculation.
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F1 ARG HE g=0005—0.1— 05T, FFMKBERE  HOLFHBOET 3 F Dicke BRI T HL b PR A
TEAE R Bnax(te) (h wa NEALD)  RERETFHE © = 2(tp) (VA wa HEAT) RFTHITE] tp (Lhw, ' RN SR MERES:
Byt A, BT RITEBE N N =10

Table 1.

wa ) and corresponding charging time tg (in units of w;l) for the intensity-dependent, single photon, and two-photon

Comparisons of the maximum stored energy Emax(tg) (in unit of wa ), its fluctuations X = X(¢g) (in units of

Dicke models in the different couplings g = 0.005 — 0.1 — 0.5, and quantum cells N = 10 in the calculation.

Dicke 1ph Dicke ID Dicke 2ph
Emax ¥ watg Emax > Walg Emax ¥ watg
g = 0.005 8.861 1.194 127.353 7.313 1.577 40.760 7.095 1.410 19.173
g=0.1 7.931 1.390 5.428 6.408 3.381 0.875 6.815 3.523 0.462
g=20.5 6.766 3.472 0.585 6.973 3.547 0.183 6.994 3.554 0.094

F2 ARG HE g=0005— 01— 05T, FEFMKBERE  HOLFHBOETF 3 F Dicke BRI i F R PR
HLINFR Prax (tp) (A w2 R B07) RIFEHIE ] tp (D wy ' 0A07) S5 I MERESA LY AR, B TRROCHB R E R N = 10
Table 2.
time tp (in units of w, ! ) for the intensity-dependent, single photon, and two-photon Dicke models in the different coup-
lings g = 0.005 — 0.1 — 0.5, and quantum cell N = 10.

Comparisons of the maximum average charging power Pmax(tp) (in units of w?) and corresponding charging

Dicke 1ph Dicke ID Dicke 2ph
Paby watp Prax watp Pai watp
g = 0.005 0.093 68.347 0.255 19.033 0.496 9.482
=0.1 1.882 1.775 8.421 0.634 17.008 0.334
g=05 13.370 0.420 43.891 0.132 85.176 0.069
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Fig. 3. (a) The maximum stored energy ED  (in units of w, ) and (b) maximum charging power PID  (in units of w2 ) versus the

couplings constant g for the intensity-dependent Dicke model in the different quantum cells N =8 — 10 — 12 — 14.
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Fig. 4. (a) The maximum stored energy E2  (in units of wg ) and (b) its quantum fluctuation X™ (in units of wq ) versus the

number of quantum cells N for the intensity-dependent Dicke model in the different couplings g = 0.005 — 0.1 — 0.5.
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Fig. 5. Comparison of maximum charging power PD  and P,f.’;ﬂ (in units of gw?2 ) versus the number of qubits N for the intensity-

dependent Dicke model and two-photon Dicke model in the different couplings g = 0.005 — 0.1 — 0.5, quantum cells N € [1,30].

£ 3 EARFRBEEE (g=0.005 0.1 0.5) F, FFHRIERE Dicke B A FE IR P22 o aNb (B w2 W
A7) FIBULF R Dicke BUE AR AFEHRIIRE Pily o aNP (L w? SR8 fin) f LAk
Table 3.  Comparisons of the maximum average charging power P oc aN? and P,ﬁz{: o aNP (in units of w?) for the

intensity-dependent and two-photon Dicke models in the different couplings g = 0.005 — 0.1 — 0.5.

Dicke ID Dicke 2ph
a b e B
g = 0.005 0.51 2.00 0.92 2.04
g=0.1 0.65 2.09 1.31 2.09
g=0.5 0.97 1.96 1.75 1.98
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Abstract

Recently, quantum battery based on various physical models from quantum optics model to spin model and
its enhancement of charging performance have attracted increasing interest. It has been demonstrated that
quantum entanglement is beneficial to the speedup of work extraction. In this paper, by an exact
diagonalization approach, we investigate the charging performance of the field intensity-dependent Dicke model
(also called intensity-dependent Dicke model) quantum battery, which consists of N qubits collectively
interacting with a single-mode cavity. The considered intensity-dependent Dicke model is a generalized Dicke
model with a nonlinear-coupling fashion and different weights of energy conserved term and non-conserved
term. Firstly, we consider the influences of energy non-conserved term (also called anti-rotating wave term) on
the maximum stored energy and maximum charging power in quantum battery. It is shown that the maximum
stored energy is not very sensitive to the increase of the weight of energy non-conserved term, but the
maximum charging power undergoes a significant change with the increase of the weight of energy non-
conserved term. We also show that the maximum charging power increases monotonically with the increase of
coupling constant between qubits and cavity, but the maximum stored energy is not monotonically related to
the increase of coupling constant. Then, we further examine in detail the characteristics of the maximum stored
energy, charging time, energy quantum fluctuation and maximum charging power in the quantum battery under
the same weight between energy conserved term and non-conserved term. By comparing the charging
performances of quantum battery based on the single-photon-Dicke model with those based on the two-photon-
Dicke model, we find that the performances, specifically, the charging time and maximum charging power of the
intensity-dependent Dicke quantum battery are better than those of single-photon Dicke quantum battery, but
weaker than those of two-photon Dicke quantum battery. Of particular interest is that the relationship of
maximum charging power with large quantum cell number in intensity-dependent Dicke quantum battery has
the same form as that in the two-photon Dicke quantum battery, i.e. their maximum values of charging power
are both proportional to the large quantum cell number squared, specifically, P2 o« N? and Pim o« N2, which
are consistent with the upper bound given by the paper (Gyhm J, Safrének D, Rosa D 2022 Phys. Rev. Lett.
128 140501). It is worthwhile to mention that Dou et al. (Dou F Q, Zhou H, Sun J A 2022 Phys. Rev. A 106
032212) showed that using the quantum advantage of maximum charging power in the quantum battery based
on cavity Heisenberg-spin-chain model Py o< N> can be obtained. Therefore, this study of the charging
performance based on the intensity-dependent Dicke quantum battery may provide an alternative approach to
the further research on quantum battery.

Keywords: intensity-dependent Dicke model, quantum battery, charging performance
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